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Cellular processes occur over a wide range of spatial ( nm - mm) and temporal
scales (µs - min). However, most microscopy methods do not provide sufficient
spatio-temporal resolution to cover this range. Therefore, I introduce here the
combination of light sheet microscopy (single plane illumination microscopy -
SPIM) and fluorescence correlation and cross-correlation spectroscopy (FCS
and FCCS). SPIM-FCS/SPIM-FCCS allows measuring concentration, diffusion,
transport, and interactions maps in a true imaging mode with single molecule
sensitivity. The method provides diffraction limited spatial resolution with sub-
ms temporal resolution which is sufficient to quantify the dynamics of membrane,
cytosolic and nuclear proteins in living cells and organisms. In this work I provide
guidelines on the building and characterization of microscope setups, on the
suitability of different cameras, on sample preparation and mounting and on
the data analysis of this novel imaging FCS and FCCS methods and present
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The human genome project (HGP) and many genome projects for model or-
ganisms (e.g. C. elegans, Drosophila and zebrafish) have finished in the early
21st century [1]. However, we are still far from understanding the multistage
processes that translate the genomic sequence to protein structure and how
this structure relates to protein function (transcription ùñ translation ùñ post-
translation processes). Deciphering a complete gene sequence does not pro-
vide information on the protein’s function, its fate, expression level and local-
ization in space and time at the molecular level [2]. The big challenge lying
ahead for developmental biologists, cell biologists, molecular biologists and bio-
physicists is to link the information on the molecular scale to single cell re-
sponses to a functional level understanding in organs or small embryos (the
intricate relationship between different scales of samples, embryo ðñ tissue
ðñ single cell ðñ single protein) [3]. No doubt, the genomewide ‘-omics’ are
invaluable techniques to identify, and characterize the key players in biological
systems to enable understanding in protein-protein interactions or protein-DNA
interactions. A number of techniques, including protein microarrays, pull down
assays and chromatin immunoprecipitation have been used on a large scale,
but often are error prone, require excessive experimental effort and provide no
temporal information for living samples [4].
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Spatio-temporal protein dynamics play an important role in regulating vari-
ous processes on the single cell to organism level [5, 6]. The quantification of
these physical parameters (esp. dynamics, concentrations, and interactions) in
a test-tube do not provide any insight into the spatio-temporal heterogeneity of
the living system [7]. Therefore, measuring protein dynamics and their interac-
tions with other biomolecules in their natural environment is highly desirable to
elucidate underlying mechanism at the molecular scale and its relation to the
functions in organisms. A variety of techniques have been developed to study
protein dynamics and protein-protein interaction in vivo and in vitro [8]. Fluores-
cence based methods provide high molecular specificity (chimeric fluorescent
proteins), high signal to noise ratio, and usually can be performed in living cells
and embryos [9,10]. Here onwards, we give two different perspectives on space
and time resolution of modern fluorescence methods. One provides high spatial
resolution to visualize sub-cellular structures down to  20 40 nm with limited
temporal resolution, while the other provides high temporal resolution (covers
dynamics scale from  100µs to several seconds) at diffraction limited spatial
information ( 200 250 nm).
In vivo visualization and the localization of many cellular organelles (or bio-
macromolecules) provide an incredible detailed understanding of sub-cellular
structure [9, 11]. In this section we provide a brief review on different imaging
modalities and their transition from diffraction limited to super-resolution tech-
niques beyond the diffraction limit. The spatial resolution of light microscopy
is given by [λ{p2  NAq], where NA is the numerical aperture of the lens and
λ is the wavelength of the light. Specifically, any light microscope cannot re-
solve two nearby objects below this dimension, which is  200  250 nm for
visible light. This limitation was overcome by super-resolution imaging meth-
ods, which provide resolution up to ten times better than the diffraction limit.
The super-resolution imaging methods can be categorized into near-field and
far-field techniques.
The near-field imaging techniques can resolve fine structures at nano-meter
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accuracy (typically  10  40 nm). Moreover, near-field scanning optical mi-
croscopes (NSOMs) improves spatial resolution either by using tapered optical
fibers coated with metal or scanning a sharp metal tip close to the surface of
interest [12–14]. Similarly, other imaging methods like atomic or optical force
microscopy, or the electron microscope [15–19], provide spatial resolution much
below the diffraction limit. But their use in biological imaging is usually re-
stricted to small regions-of-interest (ROI) or to the study of surface structure
on a fixed/live cell.
The second less invasive far-field imaging approach can be further catego-
rized into two sub-groups. The first sub-group of these techniques utilizes the
optical patterning of illumination profiles and the non-linear optical response of
the material to shrink the effective size of the scanning beam in a confocal setup.
Stimulated emission depletion microscopy (STED), can be achieved by deplet-
ing the fluorescent markers to ground state and creating sub-diffraction limited
spot to image live cells [20, 21]. Other ways of achieving this include cis-trans
isomerization, populating the triplet state and more specifically, by reversible
saturable optical fluorescence transitions (RESOLFT). Recently, Chmyrov et al.
demonstrated super-resolved live cell imaging with a 120100µm2 field-of-view
(FOV) in less than a second imaging time [22]. In addition, by choosing the spa-
tially structured illumination (structured-illumination microscopy, SIM) schemes
and the nonlinear dependence of the fluorescence emission on the illumination
intensity, the late Mats G. L Gustafsson showed an inexpensive way of achieving
resolution below 50 nm with non-scanning wide-field microscopy [23,24].
The second, fundamentally different, sub-group of super-resolution methods
uses the super-localization of single molecules. In order to localize individual
fluorescence emitters, their diffraction limited images should not be overlapping.
This is achieved by controlling the fluorescence emission of several thousand
molecules in such a manner that in a single diffraction limit region there is not
more than one molecule emitting fluorescence at a time before it undergoes pho-
tobleaching. Typically, a fluorophore emits  106 photons before photobleaching
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and its position can be determined with high precision. The spatial information
for all single molecules recorded repeatedly and super-resolved fine structures
can be resolved at nanometer resolution. This is the fundamental principle be-
hind all localization based methods, such as stochastic optical reconstruction
microscopy (STORM) [25], photoactivated localization microscopy (PALM) [26],
fluorescence photoactivation localization microscopy (fPALM) [27]. However,
all the above mentioned high resolution fluorescence methods provide detailed
spatial information but lack temporal resolution in the same measurements. Re-
cently, single-molecule localization super-resolution imaging demonstrated spa-
tial resolution down to 2040 nm at video rate temporal resolution (32 fps) either
in fixed or live cells [28,29]. The improvement in temporal resolution of array de-
tectors brings a hope to microscopy, where the detailed sub-cellular structure
and the dynamic information can be achieved simultaneously.
On the other side of the spectrum are fluorescence based quantitative meth-
ods, where the protein dynamics can be achieved at high temporal resolution.
Fluorescence correlation spectroscopy (FCS) is a powerful technique to mea-
sure protein dynamics and interactions at temporal resolution from  1 ns to
several seconds in live cells [30, 31] and organisms [32, 33]. FCS measures
temporal fluctuations of fluorescence signal of particles in a small laser focused
volume (typical confocal volume  0.5 fl). This fluorescence time trace can
be easily auto-correlated to estimate the average number of particles (N) and
the average diffusion time of dynamical processes (see Chapter 2 for complete
discussion on theory and instrumentation). Although initially introduced in the
1970s to measure chemical reaction kinetics [30], it was soon realized that it
can be used to great effect in biological measurements. FCS was subsequently
implemented in confocal microscopes combined with single-photon avalanche
diodes (SPADs) with high sensitivity and low dark counts. Here, the focal vol-
ume is created by a focused laser beam in conjunction with a pinhole, which
rejects out-of-focus light [34, 35]. In this configuration, FCS measurements are
limited to single or a few widely separated points due to the crosstalk between
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adjacent foci [36, 37]. The distance between two pinholes must be larger than
10 pinhole diameters [38, 39], which precludes imaging FCS, i.e. the parallel
recording of temporal correlation functions at every image point. This problem
was circumvented in spinning disk confocal FCS by scanning widely separated
pinholes over the sample [40]. However, in this case the detection efficiency is
reduced, since each pinhole resides at each point only a fraction of the time,
and the scanning process limits the time resolution.
In recent years, fluorescence fluctuation or other related methods were im-
plemented to quantify proteins and interactions in imaging and/or pseudo-imaging
mode. Alternative approaches have been used to achieve multiplexed and
spatio-temporal FCS. The first approach was spatio-temporal image correlation
spectroscopy (STICS) [41–43]. The time resolution was not sufficient to acquire
temporal FCS functions at each spot, but it was used to observe the temporal
development of spatial correlations. Later approaches include the raster image
correlation spectroscopy (RICS) which uses the temporal information inherent
in a scanning confocal microscope to allow the calculation of spatio-temporal
correlations [44] and can be used to derive diffusion and binding kinetics [45].
However, measurements cannot be taken simultaneously over the whole sam-
ple. Multi-spot FCS approaches range from using stopped spinning disks to spa-
tial light modulators [40, 46]. A new variant of imaging fluctuation spectroscopy
is time-integrated multipoint moment analysis (TIMMA), a generalization of the
number and brightness analysis pioneered by Unruh and Gratton [47]. TIMMA
decouples the time resolution from the read-out speed of the camera and is in-
stead dependent on the smallest exposure time which is typically much faster
than the read-out speed [48].
In order to achieve isotropic temporal resolution, diffraction limited spatial
resolution and better signal-to-noise ratio; the total internal reflection fluores-
cence has provided multi-point parallel illumination and parallel detection of
thousands of points and estimated the dynamics and concentration for each
pixel on the camera sensors [38, 49–51]. Nevertheless, the low penetration
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depth (typically  100 nm) of imaging total internal reflection FCS (ITIR-FCS)
does not achieve cytosolic or nuclear protein dynamics and is only limited to
membrane dynamics studies. It would be of great interest, if a fluorescence
imaging method can provide spatio-temporal dynamics and binding maps of
proteins localized in membrane, cytosol and nucleus.
This particular study combines fast SPIM imaging (single plane illumination
microscopy) and camera based FCS and FCCS (fluorescence cross-correlation
spectroscopy), which creates spatio-temporal diffusion and concentration maps
of bio-molecules in vitro and in live cells. Imaging SPIM-FC(C)S is a novel quan-
titative bio-imaging tool, it provides diffraction limited spatial resolution and the
temporal resolution of 2, 500 fps for more than 3, 000 contiguous data points from
a single experiment.
The main aim of the research was to build a light-sheet microscope, establish
a calibration protocol and demonstrate its capabilities for both single color FCS
and dual color FCCS measurements in vitro and in vivo . More specifically, this
particular research study begins with the building of a light-sheet microscope,
followed by its characterization, calibration and point spread function (PSF) de-
termination for both single FCS and dual color FCCS measurements. In addi-
tion, its applications in solution and live cell measurements are discussed.
Light-sheet based SPIM-FCS and SPIM-FCCS provide parallel measure-
ments with much better statistics than single point confocal FCS/FCCS. More-
over, the results of dual color imaging FCCS suggest that this method could be
used as a tool to quantify spatially resolved binding maps of bio-molecules in
living environment. In conclusion, the results of this present study may have a
significant impact on providing an alternative and valuable quantitative imaging
tool for biophysical studies.
This report is structured as follows: Chapter 2 will provide the theoretical
background for confocal based single point FCS and FCCS. Chapter 3 will pro-
vide the details about the required opto-mechanical components and step wise
building protocol for SPIM. Chapter 4 will discuss SPIM microscope characteri-
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zation, its calibration and testing of its performance on different camera sensors
for SPIM-FCS. Chapter 5 will include a description of the dual color SPIM-FCCS
setup, its characterization, calibration of two detection channels and the ap-
plications in live cells. Chapter 6 concludes and presents the outlook for future
research. Appendices for SPIM setup photograph, alignment tools and the com-
plete list of components are presented at end of this thesis.
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2Fluorescence Correlation Spectroscopy: FCS
This chapter introduces fluorescence correlation and cross-correlation spec-
troscopy (FCS and FCCS) by providing a general overview and the working
principle of the techniques.
2.1 Introduction and Historical Background
The erratic movement of particles in liquid is known as Brownian motion, named
after the botanist Robert Brown. Brown observed the jittery motion of pollen
beads under the light microscope in 1827. He studied the random movement of
organic and inorganic particles suspended in water, but was unable to explain
the phenomenon [52]. In 1905 Einstein wrote the first article on Brownian mo-
tion, the same year he gave the explanation for the photoelectric effect and the
special theory of relativity. Moreover, Einstein provided the first mathematical
explanation of Brownian motion and provided a way to estimate the diffusion co-
efficient, Avogadro’s number and atomic diameters. The major aim of the first ar-
ticle on “Brownian motion", however, was to prove the existence of atoms, which
was a hotly debated topic in the early part of the 20th century [53]. The topic
attracted the attention of many physicists, especially after this first article. Later,
Einstein, Smoluchowski, and others published several articles on theoretical as-
pects of “Brownian motion" and the underlying fluctuations [54–57]. Einstein’s
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detailed description of Brownian motion provided a link between the dynamics
on the microscopic level to macroscopic observations. Moreover, in 1916 Perrin
and colleagues gave experimental support for the existence of atoms and pro-
vided several ways to estimate Avogadro’s number NA (Perrin was the one who
coined the term “Avogadro’s number"), atomic radii, and established the method
to follow particle trajectories (the diagram of root-mean-square displacement)
still used today [58,59]. It soon became evident that the fluctuations are funda-
mental and extremely important in many fields such as semiconductor physics,
signal processing, chemical reactions, and bio-chemical processes in living en-
vironment [60]. For a more comprehensive description on the topic see [61–63].
A system under thermal equilibrium (no energy transfer) undergoes local
spontaneous fluctuations, which shift the instantaneous values from the expec-
tation value. Moreover, this continuous internal perturbation disturbs the system
equilibrium locally and the energy is dissipated with a characteristic dissipation
time. A similar effect is true for systems with external perturbations (tempera-
ture, potential, concentration gradient or pressure difference), and the relation
between the force responsible for thermal fluctuations and the frictional force
dissipating the energy is known as the fluctuation-dissipation theorem [64]. Al-
though these fluctuations are small and hard to observe, a study to these fluc-
tuation is of great physical interest in many ways. The fundamental theorem
connect “fluctuation amplitudes with molecular concentrations and fluorescence
relaxation spectra with macroscopic transport coefficients" [65]. In addition to
transport and molecular concentrations, at present various fluorescence fluctu-
ation spectroscopy (FFS) techniques provide characteristic information on, the
molecular brightness, the fluorescence anisotropy, the fluorescence lifetime, and
photo-physical properties [60,66].
External perturbation (such as a temperature jump) and the relaxation to-
wards equilibrium is a classical way of estimating chemical reaction kinetics. An-
other perturbative approach, fluorescence recovery after photo-bleaching (FRAP),
utilizes the irreversible photo bleaching of fluorescent particles in a selected re-
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gion using very high doses of laser irradiation and monitors its recovery [67,68].
The recovery kinetics, which is usually referred to as τ1{2, is the time required to
recover 50% of the fluorescence intensity originally bleached. This method has
been successfully applied to study lateral membrane dynamics and the trans-
lational mobility of proteins in the cytoplasm [69, 70]. Other non-destructive ap-
proaches including nuclear magnetic resonance (NMR) and electron spin para-
magnetic resonance (EPR), use conformational fluctuations to quantify protein
and lipid dynamics [71–73]. However, these methods are intrinsically restricted
due to their technical complication in sample preparation.
Single molecule detection (SMD) and single particle tracking (SPT) offer the
study of sparse particle trajectories, and rates of binding and dissociation in both
in vitro and in vivo environments [74–77]. They have been applied even to single
small organic fluorophores [78] and fluorescent proteins [79]. The advantage of
using SMD and SPT over ensemble average approaches (e.g. FRAP and FCS)
is the study of individual molecules. However, these approaches require large
number of trajectories to reach the required statistics, need extensive sample
preparation, specific labeling and purification. In this respect, fluorescence cor-
relation spectroscopy (FCS) is an attractive approach, which preserves single
molecule sensitivity and analyzes spontaneous temporal fluorescence fluctua-
tions without perturbing the system equilibrium [80, 81]. A closely related opti-
cal fluctuation approach, dynamic light scattering (DLS), measures particle size
and the molecular mass in fluid medium [82]. However, its poor sensitivity at the
molecular level limits its application. Fluorescence based FCS offers a better
solution in many respects.
• The sample can be selectively excited and the fluorescence can be easily
filtered out to reduce background signal (scattered laser light).
• Very low concentration ranges can be used (typically  few nano molar).
• Genetically modified fluorescent protein markers allows specific labeling
of biomolecules.
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• It can be extended to dual color cross-correlation for the measurement of
biomolecular interactions.
2.2 Fluorescence Correlation Spectroscopy (FCS): A Tool to Mea-
sure Dynamics and Concentrations.
FCS analyzes temporal fluorescence fluctuations of a particle diffusing through
a small observation volume (typically 1015 l = 1 µm3 [83]) created by a laser
beam and reports on the particle number, kinetic rate constants, the diffusion
coefficient, velocity, molecular weight and photo dynamics by performing an au-
tocorrelation analysis [30, 84–89]. Magde, Elson and Webb published the first
article on theory and application of FCS to study the binding kinetics of ethid-
ium bromide (Et-Br) to deoxyribonucleic acid (DNA) in 1972. It was the first
demonstration of any fluorescence based method to study the chemical kinetics
at thermodynamic equilibrium [30,90]. Later in 1974, D. E. Koppel presented the
quantitative statistical analysis of FCS and pointed out the experimental limita-
tions because of limited signal-to-noise ratio, which required hours of integration
to reduce the statistical errors [30, 91]. FCS was not widely applied until the
1990s, when the advent of confocal microscopes and single-photon avalanche
diodes (SPADs) with high sensitivity and low dark counts improve the sensitivity
to the single molecule level [92–94]. In confocal microscopy, the focal volume is
created by a focused laser beam in conjunction with a pinhole, which rejects out-
of-focus fluorescence signal. This made it possible to measure few molecules
in the observation volume. In the intervening four decades, several variants of
FCS were developed and applied in chemistry, biology and medicine (see review
on FCS and other fluctuation approach and their principles [95, 96] and recent
application in various fields [97–100]).
2.3 Principles and Theoretical Background
In FCS, particles randomly diffuse through the observation volume and create
fluorescence bursts. The time dependent fluorescence intensity Iptq is mea-
11




























































δI = I(t) - < I >
FIGURE 2.1: Principles of FCS: A)- Fluorescence fluctuations of randomly dif-
fusing fluorescent particles or directed flow (color coded lines) through the small
optically defined volume created by laser beam (blue in color). And the observed
volume (shown in green color) created by a pinhole to avoid out of focus fluo-
rescence detection on the detector. B)- Intensity time trace of diffusing particles
recorded to perform auto correlation analysis (in real time by a hardware corre-
lator). B1)- Schematic representation of autocorrelation analysis, a measure of
self similarity. The magnified intensity time trace in orange color and its replica
shown in gray color. At smaller lag time τ (τ<τd) the overlap between signal and
its replica is close to 1 (for normalized overlap integral), and this overlap integral
decreases to value zero, means no correlation at longer lag time. C)- Typical
auto correlation plots for free diffusion and the flow process.
sured and for any stationary process the thermodynamic ensemble average of
Iptq is a constant and denoted by xIy (x.y denotes time average). Hence, the
change in fluorescence is denoted by δIptq (deviation from mean value, see
Figure 2.1)
δIptq  Iptq  xIy (2.1)
The number of fluorescent particles in the observation volume follows Pois-
son’s distribution (i.e. variance is equal to the mean). The root mean square
12







Eq. (2.2) shows that in FCS (or related fluctuation methods) the relative fluc-
tuations decrease with increase in concentration of particles in solution (de-
crease in sensitivity).
The normalized autocorrelation function Gpτq can be written as
Gpτq  xIptq  Ipt  τqyxIptqy  xIpt  τqy 
xIptq  Ipt  τqy
xIptqy 2 (2.3)
Here, xIptqy  xIpt  τqy is true for stationary processes. Further this equa-
tion can be re-written as
Gpτq  xδIptq  δIpt  τqyxIptqy 2   1 
xδIptq  δIpt  τqy
xIptqy 2  G8 (2.4)
G8 is the convergence value for long correlation time. If we consider only





 CEF p~rq  Sp~rq  Cp~r, tq d~r (2.5)
δIptq  η
»
W p~rq  δCp~r, tq d~r (2.6)
xIptqy  η xCy
»
W p~rq d~r (2.7)
where,
• η is a product of absorption cross-section, quantum efficiency (QE).
• Iillp~rq  CEF p~rq  Sp~rq  W p~rq is the molecule detection efficiency (MDE)
and is the product of intensity profile of the illumination laser beam Iillp~rq,
collection efficiency function CEF p~rq and the extent of the sample Sp~rq
(typically Sp~rq  1, as the sample " observation volume).
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• Cp~r, tq is the number density at position ~r at time t and δCp~r, tq is the
change in number density.
The collection efficiency function is defined as the convolution integral of the





 T p~rq d~r (2.8)
Putting Eq. (2.6) and Eq. (2.7) in Eq. (2.4).
Gpτq 
¼





The solution of the density function φp~r|~r 1, τq  xδCp~r, 0qδCp~r 1, τqy can be
found in P.N. 18 [101]. In the next section, we provide physical interpretation of
the concentration fluctuation equation.
The Diffusion Equation
The diffusion equation, also known as ‘Fick’s second law of diffusion’ (derived
from Fick’s first law of diffusion), provides the solution for the density function
φp~r|~r 1, τq, and relates the rate of change of concentration at a point to the spatial
variation of the concentration at that point:











here, Cpx|y; τq is the concentration field in 2D (with units of number of particles
per unit area). Fick’s diffusion law, Eq. (2.10), relates the rate of change of par-
ticle concentration at a point to the curvature of the concentration function (this
requires two boundary conditions to specify the spatial dependence and one
initial condition for the time). In a physical sense, the solution to this equation
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FIGURE 2.2: A)- This cartoon shows the concentration fluctuation in space at
a particular time. When the curvature is positive, the change in concentration
is positive. It means more and more molecules fill-up the gap (the dip in space
tends to fill) or the vice versa .B)- Figure shows the concentration profile at dif-
ferent times, as time increases the concentration spreads and become more
uniform. The standard deviation of the distribution (root mean square displace-
ment) is proportional to square root of time and the amplitude inversely propor-
tional to square root of time see Eq. (2.11).
describes the concentration change over space at different points of time. At the
positive curvature (see Figure 2.2 A shows surface number density fluctuation)
the change in concentration is also positive, it means more and more particles
move in to fill the gap and this situation would be reversed at negative curva-
ture. Moreover, the solution to this differential equation Eq. (2.11) (1 dimension
only) is plotted against space at different points of time (Figure 2.2 B). As the
time increases, the concentration spreads and tends to uniformity. The standard
deviation of the distribution (root mean square displacement) is proportional to
the square root of time (
axxy9 τ 1{2) and the amplitude is inversely proportional
to the square root of time. The concentration term Cpx, τq for one dimension is
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given by
Cpx, τq  xCyp4piDτq 12 e
 pxq2
4Dτ (2.11)
The number density function for 3 dimension can be written as
Cp~r, τq  xCyp4piDτq 32 e
 p~rq2
4Dτ (2.12)
And finally we can write the density function φp~r|~r 1, τq  xδCp~r, 0qδCp~r 1, τqy
term for 3 dimension (complete derivation can be found in P.N. 18 [101])





By substituting τ  0 in Eq. (2.9) the concentration correlation term can be
written as φp~r, ~r 1, 0q  xCy δp~r  ~r 1q (where δp..q is Dirac delta function) [102].






2  1xCy  Veff (2.14)









The correlation function Eq. (2.14) at zero lag time provides a measure of ob-
servation volume. Which gives the average number of particles present in ob-
servation volume.
Molecule Detection Efficiency (MDE)
The MDE function W p~rq is a convolution of the point spread function (PSF(~r)),
the confocal pinhole function T(~r) and the extent of the sample S(~r) [94]. The
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PSF of the system is approximated as a Gaussian function [93, 103] and other
functions are defined below. The MDE of the system is written as Eq. (2.19)







1, for px2   y2q 12 À wxy
0, otherwise
(2.17)
Sp~rq  1 (2.18)





Where wxy and wz represent 1{e2 radii of PSF in lateral and axial direction.




























By solving the integration one can calculate the ACF for 3D free diffusion.

















FIGURE 2.3: Schematic representation of confocal volume. The ratio of axial
radii to lateral radii gives the structure factor K.
The above equation can be re-written in terms of the diffusion time τD and
the structure factor (K  wz{wxy). The lateral diffusion time τD (or the average
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residence time in the confocal volume) of a particle depends on the focused





















2.3.1 Diffusion coefficient and concentration
The translational diffusion of a particle with radius r at a given temperature T






where kB is the Boltzmann constant, f is known as the friction coefficient
(directly proportional to viscosity µ and the radius r of the particle of interest). If
we consider a particle density d, the mass M of the particle can be written as
M  d  4
3
pir3 ùñ r9M1{3 (2.25)
Using Eq. (2.24) and Eq. (2.25), we obtain the relationship between diffusion
time τD (or the diffusion coefficient D) and the particle mass M . Figure 2.4




In order to estimate the diffusion coefficient of an unknown particle, the
system can be calibrated by a particle with known diffusion coefficient Dknown
[37,106].



















































lowers the ACF 
amplitude
FIGURE 2.4: General concepts of FCS: A)- Increase in molecular mass or
change in viscosity of solution results in an increase in the average residence
time of a particle in the observation volume. Hence higher diffusion time and
lower diffusion coefficient of diffusing particles. B)- The average number of par-
ticles present in the observation volume is inversely proportional to the auto
correlation amplitude. In the case of high particle concentration, the sensitivity
and the relative change in fluorescence fluctuation both decreases (average flu-
orescence xIy shown in dotted line). The top image shows decrease in relative
change in fluorescence fluctuation and bottom image shows decrease in ACF
amplitude with the increase of particle number.
The local concentration of particles can be determined by the observation
volume (Veff , see 2.3) and the auto-correlation amplitudeGp0q (by extrapolating




 xδIp0q  δIpτqyxIy 2  G8 (2.28)
Gp0q  xpδIp0qq
2y
xIy 2  G8 (2.29)
The fluorescence intensity I9 η N , where η is molecular brightness andN is
the number of particles in the observation volume. Hence, the average number
of particles xNy in the observation volume, which follows a Poisson distribution
with the variance equal to the mean xNy [90]. From Eq. (2.29)




for simplicity Gp0q  G8 is replaced with G1p0q (it will just change the offset for
the ACF and all parameters will be unaffected)
G1p0q  1xCy Veff ô xCy 
1
G1p0q Veff (2.31)
Care must be taken in absolute quantification and the interpretation of pa-
rameters, say diffusion coefficient and the concentration of particles in in vitro and
in vivo measurements [107,108].
2.3.2 FCS experimental setup
The confocal FCS setup used in this study was described previously [109] and
I shall provide only a brief description of the instrument. The confocal FCS sys-
tem is based on a modified Olympus FV 300 confocal microscope (Olympus,
Tokyo, Japan). Fluorophore was excited with the 488 nm line of an argon ion
laser (Melles Griot, Albuquerque, NM, USA), which was focused by a water-
immersion objective (60x, NA 1.2; Olympus, Tokyo, Japan) into the sample. The
fluorescence light emitted from the sample was collected by the same objective,
was filtered by a band-pass filter (510AF23, Omega Optical, VT, USA), passed
a 3x magnification system and was spatially filtered by a 150µm pinhole. The
light from the pinhole was imaged onto an avalanche photodiode which operated
in photon counting mode (SPCM-AQR-14-FC; Pacer, Berkshire, UK). The auto-
correlation curves were computed online by a hardware correlator (Flex02-01D;
Correlator.com, Bridgewater, NJ, USA). The laser power was set to 0.2µW, as
measured in front of the microscope objective. The system was calibrated with
Atto488 which has a known diffusion coefficient of D20,W  p370  9qµm2 at
20C [106]. The same laser power and settings were used for the measurement





















FIGURE 2.5: Schematic of single color confocal microscope. A laser beam ex-
panded and projected on a high NA water-immersion objective to create tight
focused beam on to the sample placed on cover glass slide. The emitted fluo-
rescence signal was collected by the same objective and finally passed through
detection pinhole placed in image plane to avoid any out of focus signal to the
single photon avalanche photo detector. The fluorescence signal was detected
by the APD detector after passing through a band pass emission filter. The
auto-correlation analysis was performed using hardware correlator in real time
measurements.
2.4 Fluorescence Cross-Correlation Spectroscopy (FCCS): A mea-
sure of Bio-Molecular Interactions
As we have discussed in the previous section, FCS is a powerful tool to measure
dynamics and the absolute concentration at the single molecule level. The par-
ticle diffusion dynamics reflects on its molecular weight (see section 2.3.1) and
shape. Let us consider a small molecular species (labeled with a fluorophore),
21
which binds to a bigger bio-molecule and forms a molecular complex. The com-
plex species could be monitored by a change in diffusion time (τD M1{3) [105].
Similar principle had been applied to measure binding kinetics and stoichiome-
try by using single color FCS [110–115]. However, to discriminate the molecular
species present in the same reaction mixture, the complex mass should be at
least 4 times of unbound species (this means τ complexD  1.6  τ freeD ). Moreover,
these quantitative measurements require extensive calibration [80, 116]. This
limits the method to systems where the change in mass after forming the com-
plex is more than 4 times.
In this respect, fluorescence cross-correlation spectroscopy (FCCS) pro-
vides an ideal solution to quantify molecular interaction as well as the dynamics
of the individual binding partners and a larger detection specificity. In principle,
FCCS is an extension of single color FCS to dual/multiple color detection and
performing the cross-correlation analysis (thus provides valuable information on
the dynamics and the concentration of the complex).
The concept of cross-correlation has been utilized in the methodological pre-
decessor of FCS, the dynamic light scattering (DLS), to measure rotational dif-
fusion of asymmetric polymers and the binding kinetics [117, 118]. In 1994,
Eigen and Rigler proposed the first cross-correlation of viral DNA with two spec-
trally distinct labeled primers for biotechnological application [119]. In few years
time, the hybridization of dual labeled nucleic acid was experimentally demon-
strated by Schwille and colleagues [120]. In subsequent years, FCCS has
been applied widely both in vitro enzyme-kinetics and ligand-receptor stoichiom-
etry [121,122] and in vivo protein-protein interaction in live cells and even in live
organisms [33,123–127].
2.5 Principles and Theoretical Aspects of FCCS
In FCCS, two reaction partners labeled with spectrally distinct fluorophores (e.g.
green and red organic dyes or fluorescent-proteins) bind each other and co-























































FIGURE 2.6: Illustration depicting the principles of fluorescence cross-
correlation spectroscopy: The fluorescence intensity trace of dual color fluores-
cent particles can be recorded by two detection channels. A)- If two interacting
particles form a heterocomplex and co-diffuse through the observation volume,
this results in high cross-correlation amplitude (shown in blue color CCF plot).
B)- If particles do not form heterocomplexes and diffuse independent of each
other, this results in flat cross-correlation. (particles outside the observation vol-
ume shown in gray color.)
tions in two detection channels and consequently positive cross-correlation (cf.
Figure 2.6). A ratio of cross-correlation amplitude (GABpγρq) and the auto corre-
lation amplitude (minGp0q of any channel) provide the ‘relative cross-correlation’
 rGγρp0q{mintGγp0q, Gρp0qus, which is a measure for binding.
The list of parameters and the naming conventions ∗
• The molecular species A and B form a hetero complex AB. All these
molecular species are represented by χ pA B é AB; χ P tA,B,ABuq.
• The symbol γ and ρ represent individual detection channels (say green
and red detection channels; γ, ρ P tg, ru).
∗To maintain the consistency in this report, conventions and the symbols might differ from
journal articles.
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• The parameter ηχγ represents counts per molecule per second (cps) of a
molecular species χ detected in γ channel.
• Parameter Gγρpτq represents normalized correlation functions (for auto
correlation function γ  ρ, and for the cross-correlation function γ  ρ).
• xCχy represents the time average concentration of species χ.
• Iγ represents the fluorescence intensity registered by detection channel
γ.
• τ is the correlation lag time.
• x..y represents the time average.
• Wγp~rq is the molecule detection efficiency of detection channel γ (see
section 2.3).
• G8 is the correlation convergence value for long measurement time.
• wxy,γ is the 1{e2 radius in lateral direction and wz,γ is the 1{e2 radius in
axial direction for channel γ.
• r0,γ is the center coordinate of the γ detection volume element and the δdr
is the shift between two volume elements due to chromatic aberrations.
The general form of the normalized correlation function can be written as Gγρpτq
(as presented earlier for single color ACFs Eq. (2.4))
Gγρpτq  xIγptq  Iρpt  τqyxIγptqy  xIρpt  τqy 
xδIγptq  δIρpt  τqy
xIγptqy  xIρptqy  G8 (2.32)
Similarly, the fluorescence intensity Iγp~rq detected in detection channel γ (or ρ
channel; Note: for ACFs γ  ρ) and its relative change in fluorescence δIγp~rq












δpηχγ Cχp~r, tqq d~r (2.34)
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Here we assume, that the change in fluorescence characteristics of a single
molecule does not change (not on the same time scale as diffusion  0.01 to
100 ms [128]), this approximates the [δpηχγ Cχp~r, tqq  ηχγ δpCχp~r, tqs. The con-
centration fluctuation term δCχp~r, τq is due to translational diffusion of a particle.
The expression for the normalized correlation function Gγρpτq can be rewrit-
ten in terms of MDE, molecular brightness and the concentration terms (from
Eq. (2.32), Eq. (2.33) and Eq. (2.34)). By providing the system MDE and the






















The concentration correlation term for 3D translational free diffusion (discussed
earlier in section 2.3) φχp~r|~r 1, τq  xδCχp~r, 0qδCχp~r 1, τqy and the MDE Wγp~rq
for two color confocal microscope is written in terms of normalized 3D ellipsoid
volumes (see figure Figure 2.7).


























The volume elements of confocal based microscopes are diffraction limited and
wavelength dependent [103]. Typically, in FCCS analysis the detection volumes
for green and red channels will depend on the respective emission wavelength
(mentioned in earlier section 2.3) and the effective cross-correlation detection












The resulting expression for the effective volume can be obtained by Eq. (2.37)





















































































Z Centre co-ordinates of green 
and red detection volumes
FIGURE 2.7: Schematic representation for Detection volume overlaps of green
and red channels.
2.5.1 Spectral cross-talk corrected Autocorrelation and Cross-Correlation Func-
tions
The spectral cross-talk of the green particle to red detection channel or vice versa,
result in a false positive cross-correlation for FCCS measurements unless avoided
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or reduced by using better quality short band pass filters, alternating laser excita-
tion or a large Stokes shift fluorophores [130–132]. Although, it is recommended
to avoid spectral cross-talk as much as possible, it can still be corrected during
fitting [126, 133]. Let us consider, that the red particle cross-talk to the green
detection channel† or vice versa. And the molecular brightness of the particles
do not change after complex formation. All the molecular species present in




χ A B AB
Green (g) ηg †κrgηr ηg   †κrgηr
Red (r) κgrηg ηr κgrηg   ηr
Table 2.1: Molecular species and its brightness in the green and red
detection channels.
The channel brightness ηg  xIgptqyκrgxIrptqyxCAy xCABy , where xIgptqy is the back-
ground corrected average fluorescence intensity and κrg is the cross-talk term
of red-only particles into the green channel †κrg  xIgptqy { xIrptqy . Hence the
green detection channel fluorescence intensity can be written as (similarly for
the the red channel fluorescence intensity)
Igp~r, tq 
»
Wgp~rqrηgtCAp~r, tq   CABp~r, tqu




Wgp~rqrηg δtCAp~r, tq   CABp~r, tqu
  ηrκrg δtCBp~r, tq   CABp~r, tqus d~r
(2.41)
The normalized ACFs for green and red channels can be defined as
Ggpτq  G8,g   η2g gApτq   κ2rgη2r gBpτq
  rη2g   κ2rgη2r   2κrgηgηrs gABpτq
(2.42)
Grpτq  G8,r   η2g gBpτq   κ2grη2g gApτq
  rη2r   κ2grη2g   2κgrηrηgs gABpτq
(2.43)
†Red particle crosstalk into the green channel usually assumed to be zero. I present the
more general case as given in [126].
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The normalized CCF between green and red channels is defined as
Grgpτq  G8,rg   κgrη2g gApτq   κrgη2r gBpτq
  rηgηr   κgrη2g   κrgη2r   κgrκrgηgηrs gABpτq
(2.44)
where, the term gχpτq is defined as
gχpτq 
¼
Wγp~rqWρp~r 1q  φχp~r|~r 1, τq d~rd~r 1
xIγptqy xIρptqy (2.45)

















8Dχτ   w2xy,g   w2xy,r
   8Dχ τ   w2z,g   w2z,r1{2
(2.46)
2.5.2 FCCS experimental setup
The confocal FCCS setup used in this study is described earlier (see 2.3.2). Flu-
orescence was excited with the 488 nm and 543 nm lines of an argon ion laser
(Melles Griot, Albuquerque, NM, USA), and the fluorescence light emitted from
the sample was collected by the same objective and passed through a 560DCLP
dichroic mirror (Omega Optical, Brattleboro, VT) followed by band-pass filters
(510AF23/615DF45, Omega Optical, VT, USA). Two APDs were used to col-
lect signals in both green and red detection channels. Auto-correlation and the

































FIGURE 2.8: Experimental setup of SW-FCCS: A laser beam was expanded and
tightly focused into the sample by high NA objective. Same objective collects
the fluorescence signal and the signal passes through the single pinhole. The
dichroic mirror spilts the signal in two detection channels. Interacting particles
will co-diffuse through the observation volume and the recorded signal can be
correlated in real time by hardware auto-correlator. Each detectors observes
certain color, only the doubly labeled particles are seen by both detectors, which
results in positive cross-correlation amplitude.
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3Single Plane Illumination Microscopy: SPIM
The present chapter provides a conceptual background and the detailed guide-
lines for building the light-sheet fluorescence microscope for single molecule
sensitive imaging fluorescence correlation and cross-correlation experiments
in vivo .
3.1 The Past and Present of Light-Sheet Microscopy
Single plane illumination microscopy (SPIM) is a novel 3D bio-imaging tool to
achieve high spatio-temporal resolution, minimal photo-toxicity and thus more
measurements per sample [134–136]. The first simple orthogonal detection ul-
tramicroscope was built by Siedentopf and Zsigmondy (1902). It was an upright
bright-field microscope with a specimen chamber and an aperture to focus the
sunlight to the sample (but no cylindrical lens, see Figure 3.1). Later, Zsigmondy
extensively used the microscope to understand the behavior and the dimension
of colloid nanoparticles, which could be seen as the foundation of the modern
age nanotechnology. The ultramicroscope became the standard microscope to
study colloid particles in liquid [137]. In 1926 Zsigmondy received the Nobel
Prize for his contribution to modern colloid chemistry, and was the very first to
visualize and characterize particle sizes by ultramicroscopy (Tyndall light cone
see Figure 3.1) [138–141]. In 1908 Perrin used the ultramicroscope to study
30
particle random diffusion in liquid (he plotted the first ever mean square dis-
placement MSD trajectories of particles; see section 2.1 for detailed discussion










FIGURE 3.1: Zsigmondy’s immersion ultramicroscope schematic
(The image has been taken from Richard A. Zsigmondy’s Nobel lecture [140]):
L= light source, F= microscope objective, B= microscope condenser, PrSp=
precision bilateral slit and oB is the rail optical rail system. Zsigmondy used
ultramicroscope to estimate the size of the colloidal particles and the light
scattering Tyndall cones of suspended nanoparticles in liquid (inset image
shows the typical Tyndall cone of colloids).
Nearly two decades ago, when microscopes were routinely used for bio-
logical imaging, orthogonal detection was re-introduced by Voie et al. in 1993.
Voie’s orthogonal-plane fluorescence optical sectioning (OPFOS) microscope
was used to image cochlear hair cell structure [143]. Later in 1994 Stelzer
and colleagues introduced confocal theta microscopy, with improved axial res-
olution and the technique was applied to observe FITC-labeled mouse em-
bryos [144–146]. Although Voie et al. published several other articles on OP-
FOS, the method did not receive much attention until the first publication on the
selective or single plane illumination microscopy in Science, 2004 by Stelzer
and colleagues on live embryo imaging over 16- hrs [134]. In the last decade,
SPIM or similar approaches have been applied to a wide range of samples,
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such as imaging cleared mouse embryos, cleared brain sections, thick tissues,
cochlea (inner ear) [147–149], embryonic development [150–155], neuronal ac-
tivity in a section of a mouse brain [156,157], the calcification process of corals
[158, 159], bacteria-animal symbioses [160], plant root morphogenesis [161],
and single molecule experiments [162–165]. Reviews on SPIM development,
various applications and comparison with other imaging methods can be found
elsewhere [151,166–168].
In the last two decade development in microscopy hardware, fluorescent
protein markers, 2D array detectors and software (hardware control and data
analysis) provided new opportunities for building and developing new custom
build microscopes for long time imaging of living organisms. Cellular proteins
can be genetically tagged with fluorescent protein (FP) markers [169,170]. The
in vivo visualization and localization of specific cell bodies and the gene expres-
sion in multicellular organism can be followed in zebrafish embryos and fruit fly
model organisms [171,172]. In the last decades the parallel development in ar-
ray detectors with larger field of views (512  512 in EMCCDs and 2048  2048
in sCMOS), high frame transfer speed (full frame  3 ms) and improved photo
sensitivity (camera quantum efficiency QE  EMCCDs 90%, sCMOS 50 70%)
allowed capturing frame by frame 2D images to create high quality 3D images
with cellular resolution. Thanks to the SPIM community, which provided tech-
nical information (see microscope blueprints and the CAD drawings for custom
parts [173]), hardware control plugins for processing huge data files for analy-
sis and visualization purpose [174–178], light sheet microscopy become widely
available.
3.2 Illumination Schemes
Fluorescence microscopy is a powerful technique to study biological processes
in living systems. In wide-field excitation, the laser beam is focused at the back-
focal-plane (BFP) of the illumination objective. The laser beam passing through
the sample is collimated, hence does not provide sectioning in illumination and
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the detection path does not use any pinhole. The method allows the entire im-
age to be acquired simultaneously and its speed depends only on the frame rate
of the camera. However, the method does not provide optical sectioning (see
Figure 3.2A).
Laser beam Laser beamLaser beam
Detector plane Detector planePoint detector
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FIGURE 3.2: Pictorial illustration of fluorescence imaging techniques: A)- In
wide-field excitation, the laser beam focused at the back-focal-plane (BFP) of
the illumination objective. The laser beam is in the sample is collimated, hence
do not provide sectioning for illumination and the wide-field detection can not
distinguish the fluorescence from two different planes in the sample. B)- Con-
focal point or scanning based microscopy, the sample is illuminated by conical
profile of laser beam and the signal is only detected by a point detector from
a small volume created by the pinhole. C)- Light-sheet uses cylindrical lens to
create a thin section (selective illumination) in the sample plane and image the
whole plane to the array detector (efficient detection).
Confocal scanning microscopy: The confocal microscope (point or confocal
laser scanning microscopy, CLSM) provides optical sectioning by using a pin-
hole. The collimated laser beam projected to the back focal plane of the high
NA objective and the high numerical aperture (NA) objective sharply focuses
the laser to a diffraction limited beam waist. The laser beam waist depends on
both NA and the wavelength of excitation light (diameter = 1.22 λ{NA, λ is the
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excitation wavelength). A pinhole introduced in front of the point detector which
is conjugate to the in-focus-plane (see Figure 3.2B), spatially filters the out-of-
focus light. The main drawback of CLSM is that it collects the signal sequentially
point by point. This results in slow image acquisition (slower than wide-field tech-
niques [179]) and increased photobleaching due to continuous scanning.
Selective illumination and efficient fluorescence detection
(SPIM): SPIM combines wide-field and confocal theta (illumination and detec-
tion) microscopes for imaging macroscopic biological specimens [145, 180]. It
uses two objectives, one for creating the thin light-sheet to illuminate the sample
in a plane and the second objective (orthogonal to illumination) for the projection
of the entire illuminated plane onto the array detector.
The thickness of the light-sheet plays an important role in imaging live em-
bryos or performing single molecule experiments, e.g. single particle tracking
(SPT) or fluorescence correlation analysis. Typically, the thin light sheet can be
obtained by using a high NA projection objective (0.4 0.8 NAIll and NADet=1.0-
1.1), but at the cost of a small field-of-view and the bulky size of objectives
to accommodate in the sample chamber. The long working distance and low
NA projection objective ( 0.2  0.3 NAIll) creates a relatively thin light-sheet
( 1.1  1.4µm) and allows sufficient space to mount both illumination and de-
tection objective.
3.3 Light-Sheet Generation
3.3.1 GRIN lens: Objective-coupled planar illumination microscopy (OCPI)
Objective-coupled planar illumination microscopy (OCPI), uses a uniaxial (cylin-
drical) gradient-index (GRIN) lens to create the light-sheet (4  10µm), which
is mechanically coupled to the detection objective (see Figure 3.4A). This al-
lowed Holekamp et al. to achieve plane by plane images to follow the action
potential signal from several thousand neuron cell bodies in a mouse brain sec-
tion [156,181]. The miniature size of the illumination arm makes it useful to study
neuron responses from the mouse vomeronasal organ. However the lenses
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are badly corrected for optical and chromatic aberration, and can produce light














FIGURE 3.3: Pictorial illustration of light sheet generation: (X is the illumination
direction, Y is the sample mounting direction, and the detection along Z axis.)
A)- In ulramicroscopy, the laser beam passes through the XY slit (beam shaping)
and then then to the cylindrical lens (the axis of the lens is in Y direction). The
cylindrical lens creates a laser light-sheet. B)- In SPIM, the light sheet is created
by the combination cylindrical lens (the axis of the lens is in Z direction) and the
projection objective.
3.3.2 Cylindrical lens: Ultramicroscopy and SPIM
Ultramicroscopy: Ultramicroscopy is often used for imaging macroscopic size
tissues, sectioned bones and even to study insects (sample size typically 
2 cm) [147, 182]. It uses XY slits and a cylindrical (CY) lens to create a section
of several micrometer (10  50µm) in the sample plane and collects fluores-
cence signal with a camera sensor (orthogonal to the illumination). However,
the method is limited to only cleared samples.
SPIM: The combination of low NA projection objective (0.2  0.4 NA) and a
cylindrical lens creates diffraction limited light-sheets ( 1  3µm) Figure 3.3
[134, 183]. Moreover, the method can be used to image live cells and fish/fly
embryos for several hours to days. There have been several modifications in
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terms of sample illumination or combination with other methods, for e.g. , a re-
cent modification in the illumination arm by using an AFM cantilever to reflect the
light-sheet (RLSM) and create a section in the sample plane (cell culture dish
based sample mounting, see Figure 3.4B) [165]. The prism coupled light sheet
microscope provides tunable imaging depth by changing the incident angle and
provide easy access to the sample (typically the angle between illumination and
detection is 120, see Figure 3.4C). The commercial inverted microscope cou-
pled light sheet based fluorescence microscope (LSFM) [184] requires a spe-
cial custom made sample mounting glass chamber with the advantage of using
high NA detection objectives. The inverted selective plane illumination micro-
scope (iSPIM) and dual-view inverted selective plane illumination microscope
(dv-iSPIM) use high NA illumination and detection objectives (0.8 NA) with the
additional benefit of an isotropic observation volume [185–187].
3.3.3 Digital scanned laser light-sheet microscope: DSLM
The above mentioned methods project a permanent light-sheet into the sample,
either by the use of cylindrical or GRIN lenses with/without projection objective
for imaging. However, they are often affected by a typical light-sheet artifact
known as ‘strip patterns’ caused by the blocking of light highly scattering or ab-
sorbing on the sample [151]. These patterns could be minimized by pivoting
the light-sheet in detection plane from two opposing sides [188]. Later in 2008,
Keller et al. developed the digital scanning light sheet microscope by rapid scan-
ning the beam in the sample plane [150]. Usually, the scan rate of these scan-
ning units is on the order of kHz, which is not ideal for imaging FCS at 1, 000 fps
sampling rate. Several modified versions of light-sheet microscopes, typically
used with cylindrical lenses (or with a scanning beam) are summarized in Fig-
ure 3.4. This particular study focuses on the type shown in Figure 3.4 G, as it
provides the advantage of . . .
• Cylindrical lens and the illumination objective to create a static (few mi-
crometer thick) light-sheet.
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• Easy implementation and uncomplicated alignment of optics.
• Single color SPIM microscope can be extended to dual-color illumination
and dual channel detection onto the same camera sensor.
3.4 Building protocol of SPIM
“It’s worth noting that making an effort from the very start to build a high-
quality, stable, carefully measured setup will pay off tremendously when
doing your experiments." [189]
This section describes the step-by-step procedure to build a light-sheet micro-
scope and the optical alignment to perform light sheet FC(C)S in imaging mode.
All the required opto-mechanical and optical components are listed in table B.1.
This particular microscope used an optical rail system to align the optical com-
ponents along the optical axis (optical axis height = 110 mm from the optical
table).
3.4.1 Step 1: Setting up the base
Let’s start with setting up the base for the microscope. Before mounting the opti-
cal components on the optical table, first check the pressure and the correct level
of the optical table (use level screws and bubble leveler). Avoid setting up the
microscope base under air ducts; high air flow and rapid change in temperature
which will cause system drift (see later section 3.5 to avoid vibration) [192].
Here we follow the same design described earlier (see Figure 3.9 and follow
a rough microscope diagram to decide the direction and the length of optical
rails) [134, 193]. Mount the optical rail system (system65rail16.011.0300/16.0
11.0500, OWIS, Germany; see table B.1) in "L" shape onto the optical bread
board by using M6 socket head screws. The longer arm is used for mounting all
the optical components to create the light sheet (a.k.a illumination arm) and























FIGURE 3.4: Schematic illustration of light-sheet illumination: [Note: A-F shown
in XY plane (the side view) and G-I in ZX plane (top view)] A)- GRIN lens
objective-coupled planar illumination (OCPI) [156, 157], B)- AFM cantilever re-
flected light sheet microscopy (RLSM) [165], C)- Prism-coupled light-sheet
Bayesian microscopy (LSBM) [190], D)- Commercial inverted microscope cou-
pled light-sheet based fluorescence microscopy (LSFM) [184], E)- Inverted se-
lective plane illumination microscopy (iSPIM) [186, 187], F)- Dual-view inverted
selective plane illumination microscopy (dv-iSPIM) [185], G)- Selective/single
plane illumination microscopy [134, 183], H)- Multidirectional selective plane il-
lumination microscopy (mSPIM) [188], I)- Multiview selective-plane illumination
microscope (MuVi-SPIM) [191]. The green arrows shows fluorescence signal to
the 2D array detector.
3.4.2 Step 2: Mounting optics and holders
After fixing the rails onto the optical table, mount all the holders (e.g. lenses
for the beam expansion, cylindrical lens and objectives) onto the rail slides
(16.021.0020/16.021.0040, OWIS, Germany) by using M4/M3 head screws.
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3.4.3 Step 3: Mounting and alignment of illumination optics
• First mount the 488 nm laser onto the heat-sink and then onto the optical
bread board (remember to switch off all the electrical components to avoid
any electrical hazard). Since the final optical axis height would be 110 mm
from the optical table, use proper height metal blocks to get desired height
(table B.1).
• To ensure the laser mount is linear with respect to the optical axis, mount
the optical rail with two laser alignment targets or irises (SI100 or SM1D25,
Thorlabs Inc, USA) in the direction of laser propagation.
• Before you turn ‘ON’ the lasers, make sure you have proper eye protec-
tion‡ and reduce the laser power to less than 50µW either by using neutral
density filters (NDC-100C-4, Thorlabs Inc, USA) or by software laser con-
trol.
• Laser should hit the center of both irises, if not then adjust the laser mount
screws until it follows the optical axis height and the direction.
• Install the first beam expansion lens (lens L1; see Figure 3.9) and check
the laser spot by moving the irises onto the optical rail. The laser spot
should be at the center of the iris, when one moves the iris along the
direction of laser propagation. [Note that in this setup we use two beam
expansions, first after the laser and the second after the gimbal mirror
(GM, OWIS, Germany) or before the cylindrical lens CY (the second lens
units are the relay telescope lenses RL1/RL2; see Figure 3.9). The final
beam expansion (M M1 M2, M1 and M2 are the first and second beam
expansions respectively) is decided according to the back-focal diameter
of the illumination objective. Here we over-illuminate the back-focal plane
of the illumination objective to achieve a micrometer thin light sheet.]
• The second beam expansion lens (L2) should be mounted and the output

























































FIGURE 3.5: Schematic of illumination arm alignment: A-B)- Schematic of illu-
mination arm, : shows the typical cross section profile of the laser beam across
the setup. Alignment steps for relay telescope lenses, cylindrical lens and illu-
mination objective. The green arrows show the possible movement along the
system rail and  shows the fixed position of the optical component.
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(beam expansion M1  fL2fL1 ).
• The laser output beam (after lens L2) should be collimated and collinear
to the optical axis. The laser collinearity should be tested with irises (as
described earlier) and the laser beam collimation could be tested by using
a shearing interferometer (SI100, Thorlabs Inc, USA; see the working
principle of shear plate [194]) ‡. In case of a converging or diverging laser
beam (the interferometric beams should appear as two dark and bright
patterns cross each other), move one of the lens to-and-fro (L1 or L2) until
the bright and dark patterns becomes parallel to each other.
• Mount the dichroic mirror (DM1, LM01-503-25, Semrock, New York) and
the gimbal mirror (GM, SN: 26.306.0382, OWIS, Germany) and check the
laser collinearity after mounting each individual lens, dichroic or mirror.
• 4f System: The back-focal plane of illumination and the gimbal mirror
should be on conjugate planes (4f system, for detailed steps see Fig-
ure 3.5). To accomplish this, follow the following steps . . .
1. Keep the position of the gimbal mirror fixed and redirect your laser
beam either by using mirrors or use fiber coupled laser for the align-
ment (fiber coupled saves lot of time and makes alignment of the il-
lumination arm easy). Move the relay telescope lens RL1 and check
for minimal spot at the gimbal mirror (this should be the focal length
of relay lens RL1 fRL1).
2. Now the position of GM and RL1 should be fixed. Mount lens RL2
and check beam collimation with shear plate (described earlier).
3. Mark the position of RL1, mount the illumination objective (to find the
back-focal plane of the illumination objective) and check for the beam
collimation.
‡Follow Laser Safety: make sure laser power is very low and use laser goggles with proper
optical density for a given laser wavelength.
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4. In the subsequent step, mark the position for both RL1 and RL2
lenses and place the cylindrical lens (CY, achromatic cylindrical lens
f  75 mm, SN: 68-162, Edmund optics, Singapore, see Figure 3.5
A,B for proper mounting direction for the cylindrical lens). In order to
confirm the exact position of the cylindrical lens and the illumination
objective back-focal plane (the position of Illu. Obj. is fixed, only the
CY lens can be moved to-and-fro), place a marked paper (fixed on
a holder that can be moved on the optical rail) to check the beam
collimation from the side, which will be the YZ plane (the side view
Figure 3.5).
3.4.4 Step 4: Sample mounting unit
The sample mounting unit consists of a sample chamber (custom build, Physics
workshop, NUS), mounting collar (Delrin, Acexon, Pte. Ltd., Singapore) and
translation and rotation stages (8MT184-13DC/8MR174-1-20, Standa, Lithua-
nia) and a custom made sample holders (JEG Eng. Supplies, Singapore).
First mount the mounting collar to the sample chamber (glue the glass cover
slip onto the three sides of the sample chamber windows) and then the detec-
tion objective to the delrin mounting collar (see Figure 3.6, avoid pressing the
detection objective by mounting collar).
3.4.5 Step 5: Detection optics alignment
The detection unit alignment consists of three steps (orthogonal to the illumina-
tion arm, see complete protocol for the alignment Figure 3.7).
1. Setting up the detection arm: Mount the detection objective (LUMPLFLN
60X/1.0 W, Olympus, Singapore) onto the PIFOC (P-725 PIFOC, PI, Sin-
gapore), objective tube lens (TL, f= 100 mm, LU074700 Olympus, Singa-
pore) and the imaging sensor (EMCCD, iXon X3 860). This whole setup








FIGURE 3.6: Sample mounting unit: Mounting sample chamber, illumination
objective and detection objective
axis should coincide with the laser cone profile (top and side view Fig-
ure 3.7, this should be decided roughly by eye).
2. Tube lens: The position of the tube lens can be determined by illumi-
nating (homogeneously by incoherent white light) TEM grids with known
distance patterns (grid spacing: 6µm, Latech Scientific Supply Pte. Ltd,
Singapore) or a micrometer ruler (calibrate the object plane to the image
plane dimensions and check for any image distortion [195]).
3. Detection objective: The final step for the SPIM optics alignment de-
termines the perfect overlap of illumination plane to the focal plane of the
detection objective. This can be achieved by either moving the illumination
laser beam by using GM or by physically moving the detection objective
(with the sample chamber) by using the PIFOC. Here we follow the second
method, remove the CY lens (mark the position before removing it and set
the camera gain  0  10 gain) and image the narrow cone of the laser
beam along the direction of the illumination (scattered laser light cone is



























Detection arm Tube lens Detection objective
A)- B)- C)-
FIGURE 3.7: Detection arm alignment (* represent fixed position of optical com-
ponents and the double head green arrow shows the possible movement during
alignment): 1)- Setting up the detection arm (inset image shows laser beam
profile and the detection lens from side view), 2-3)- Alignment of detection tube
lens and detection objective.
cone is not at the center of the camera field-of-view (FOV), the illumination
objective or the detection objective can be adjusted to achieve a perfect
symmetrical cone shape with minimum thickness at the center of the cam-
era FOV. Place the fluorescent dye solution in a sample bag ( 5 10 nM
in 1xPBS buffer; for sample mounting see Figure 4.11 and Figure 5.4) and
mount the fluorescence filter to visualize the same conical laser profile
and finally the CY lens can be mounted back to image the homogeneous
intensity on the camera FOV (check with intensity plot). With this align-
ment procedure, one should be able to get FCS measurements on a time
image series for both with and without the cylindrical lens configuration of
the microscope (4 pixels,  100, 000  200, 000 frames at 210µs camera
cycle time).
3.5 System instability and sources of vibration
Lasers power fluctuation and fan vibrations:
• Laser stability can be monitored by a laser power meter. Diodes lasers
might not very stable at low power. Keep the laser power to 90% of the
maximum (by operating software or power knob on the laser control unit)
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and check laser fluctuation by measuring the laser power for at least 5
minutes (long term power fluctuation standard deviation should be   2% ,
power meter SN: S130C, PM100D, Thorlabs Inc, USA).
• Another test (preferred method) can be performed by using dye solution
and its correlation analysis. Acquire the time image series (here in this
case 4 pixels,  100, 000  200, 000 frames at 210µs camera cycle time
of iXon X3 860) and perform auto-correlation analysis [196, 197]. Plot all
the correlations and look for peaks at particular time point (see typical
correlation plots in presence of vibration Figure 3.8 and the correlation of
organic dyes in next chapter 4). If you see the peaks or wave patterns
in the correlation plots, this could be from either laser instability, cooling
fan vibration (laser and camera), drift in the sample bag/mount or drift in
sample stages (avoid any source of external fluctuation in the range from
1 5000 Hz ).
• And finally check for homogeneous laser light illumination by taking aver-
age intensity plot (take an average of 1,000-2,000 frames of image and
plot the line intensity both in X and Y direction of the image) or by taking
long camera exposure image intensity plots in X and Y direction.
FIGURE 3.8: Typical correlation plots in presence and absence of vibration
present due to either laser instability, cooling fan vibration (laser and camera),
drift in the sample bag/mount or drift in sample stages.
Laser beam profile and quality control: Diode laser beams have typically
lower beam quality compared with gas lasers. It is important that the laser beam
profile should be symmetrical (typical M2  1.2 for a good quality laser beam).
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For high accuracy the laser beam wave front and the intensity distribution can be
checked by introducing wavefront sensor (WFS10-K1, Thorlabs Inc, USA) after
the first beam expansion. Expand the laser beam to  8 and project it onto
the white sheet of paper‡ to achieve a good quality light-sheet. In case of an
asymmetrical laser profile, a XY slit or a single mode optical fiber can be used
as a physical mask to propagate only one mode (TEM00 [103] page no. 84) of
the laser beam. Dirt on optical components is another most common reason for
laser beam profile distortion (dichroics, mirrors, lenses and sample holder glass
window). The detailed lens, mirror and dichroic cleaning method can be found
elsewhere [198–200] and the sample chamber glass window should be cleaned
or replaced frequently (typically in 3 months) to new cover glass slide window to
avoid any distortion in light-sheet profile.
Room temperature fluctuation: Changes in room temperature will affect both
the focus and the observation volume. This will result in inaccurate quantifica-
tion of diffusion coefficient and the number of particles. The sample chamber
temperature was controlled on this work by using a sample chamber heater (Si
heater 010020C1-A001B, PID controller PM6CICJ-AAAABAA, Watlow, Singa-
pore).
‡Follow Laser Safety: make sure laser power is very low ( 100 nW) and use laser goggles














































FIGURE 3.9: Building and illumination unit of light-sheet microscope: A)- Op-
tical units of SPIM microscope. Laser unit: contains two laser (488 and 561
nm lasers), lenses for beam expansion (4  5) and two beam combining di-
croics (DM1 and DM2). Illumination arm consists of a gimbal mirror (GM), pair
of achromatic lenses (L1 and L2) for beam expansion (BE, 1.5), an achromatic
cylindrical lens (CL) and long working distance illumination objective (20\0.25).
Combination of cylindrical lens and illumination objective creates diffraction lim-
ited light-sheet. Sample mounting unit: Custom made sample chamber mounted
on detection objective and the sample mounting holders be moved by translation
and rotation stages relative to optical setup. Detection arm consists of a high NA
detection objective (60\1.0W, Olympus or 25\1.1W, Nikon), filters, tube lens,
dual view (dual detection on same camera chip) optics and EMCCD camera for
detection. B)- Shows the top and bottom view of the light-sheet illumination arm.
Adjustable gimbal mirror mount (GM) can be moved to align the laser light-sheet
in the focal plane of detection objective for best overlap. The cross-section of
laser beam in YZ plane is shown at different positions.
47
4Light Sheet Imaging FCS: SPIM-FCS
This chapter provides an overview on the principles of camera based light sheet
imaging FCS and its detailed characterization, PSF determination, and imple-
mentation as a quantitative bioimaging tool to create mobility maps in live cells§.
The summarized results presented in this chapter can be found in Ref [201,
202].
4.1 SPIM-FCS: A Quantitative Bio-Imaging Tool
In earlier chapters we have learned about the principles and theoretical aspects
of confocal based FC(C)S and the light sheet microscope as imaging technique
for 3D live samples (see earlier chapters 2 and 3).
Fluorescence correlation spectroscopy (FCS) is a powerful technique to quan-
tify protein dynamics and concentration in live cells and organism (recently re-
viewed [100]). However exclusive implementation of FCS in confocal micro-
scopes imposed a range of limitations. In confocal FCS, single points were col-
lected, restricting the available statistics per sample. Moreover, the illumination
in confocal optics extends over a much wider region than the actual observa-
tion volume. This results in unnecessary photobleaching of the sample and thus
§Note: Some of the measurements in this chapter were performed by Jan Wolfgang Krieger
(DKFZ, Germany) and will be indicated accordingly.
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restricting the number of measurement that could be reliably taken.
A number of different FCS modalities, which differ in illumination and detec-
tion schemes, were introduced to address these restrictions (see Figure 3.2)
[95, 203]. The recording of multiple points in FCS in a confocal mode was in-
troduced by using multiple confocal volumes created by microlens arrays, spa-
tial light modulators, line-confocal scanning detection or using a spinning disk
confocal microscope [40, 46, 204, 205]. But they suffered from the fact that
confocal elements will cross-talk and thus need to be placed at a sufficiently
large distance from each other, preventing it from being used as a true imaging
technique [38, 206]. However, the confocal techniques have better time reso-
lution compared to camera-based FCS and can provide some spatial informa-
tion. Raster image correlation spectroscopy (RICS) circumvents the cross-talk
problems by scanning the confocal volume through the sample. It uses the
inherent spatial and temporal information in the scanned confocal images to
calculate spatio-temporal correlations over multiple areas within the image thus
being able to provide maps of diffusion coefficients, concentrations and inter-
actions [43]. But due to the scanning process, RICS modalities do not collect
data at all points simultaneously, have anisotropic time resolution, and still illu-
minate a much larger region than what is actually observed. Objective based
total internal reflection (TIR) microscope uses the evanescent wave to illumi-
nate the sample in a selected plane (close to glass cover slip) and projects 2D
image series onto the sensitive array detectors with isotropic time resolution
(typically millisecond range). This was first used in spatio-temporal image corre-
lation spectroscopy (STICS) , which uses confocal or TIR illumination to record
spatio-temporal correlations, and was then implemented in imaging TIR-FCS
(ITIR-FCS) to calculate temporal correlations at each pixel or spatio-temporal
correlations between any groups of pixels in an image (see the principles of
camera based imaging FCS Figure 4.2 and 4.2) [38,42].
ITIR-FCS collects correlation functions at thousands of contiguous points in
an imaging mode in which only those areas are illuminated which are also ob-
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served, resulting in better statistics, lower photodamage per measurement and
more measurements per sample over longer periods of time (see Figure 4.1).
However, the inbuilt z-depth of TIR microscope limits measurements to only bot-
tom membrane and/or sub-cytosolic region close to cover slip (typical z-depth
 0.1 0.2µm).
In order to address this limitation, we have combined light sheet illumination
and FCS, which allows us to quantify protein dynamics and concentration maps
of different sections of cells, e.g. membrane, cytosol and nucleus. SPIM uses
the combination of a cylindrical lens and a low NA illumination objective to cre-
ate a micrometer thin light sheet in a sample plane at a defined depth and the
detection is performed by high NA detection objective and a sensitive camera
(orthogonal to the illumination, see Figure 4.1).
In earlier work from our lab, the analytical expression for SPIM-FCS in the
case of diffusion and flow has been provided [183]. This study extends the
earlier SPIM-FCS to a more generalized form,compares four different array de-
tectors, including commercially available EMCCD, sCMOS and CMOS devices
as well as a SPAD array¶. By using the same analogy as published in Ref [51],
it is shown that by exploiting the known pixel size of the detectors, the PSF can
be determined directly from FCS measurements without using a reference sam-
ple of known diffusion coefficient. This way absolute diffusion coefficients can
be measured. Finally we demonstrate the application of SPIM-FCS to quantify
the protein dynamics and concentration map in living cells.
4.2 Theoretical Principles of Camera Based Imaging SPIM-FCS
In SPIM-FCS, the multiplexed detection volumes are created by using selective
planar illumination (defined by the thickness of the light sheet) and time-image
series collection by an array detector. The working principle of ITIR-FCS and
SPIM-FCS are the same, the only difference is the axial PSF parameter wz of
the light sheet microscope which provides 3D diffusion of a particle in a given
¶The measurement was done by Jan Wolfgang Krieger (DKFZ, Germany) [201].
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FIGURE 4.1: Illustration of illumination and observation region: (Blue color for
illumination path and green color for the observed region): A) Raster laser scan-
ning approach to create point by point sequential images. B) Spinning disk
to create multiple observation volumes (ML- microlens disk, PH- pinhole disk).
Planar illumination and parallel imaging to array detectors: C) An objective-type
total internal reflection microscope creates a homogeneous illumination plane
( 0.1  0.2µm thick) to access the bottom cell membrane or structures close
to the coverslip. D) SPIM imaging by a light sheet created by a cylindrical lens.
SPIM creates a thin section in the sample. The sample is translated through
the light sheet to create 3D images. As indicated by the gray areas confocal
approaches illuminate and induce photobleaching in the whole sample, while
light-sheet based methods illuminate only the observed region.
sample environment (SPIM uses a Gaussian function in z-direction while in TIRF
it is an exponential decay function).
Advantages of Camera based imaging SPIM-FCS: Imaging SPIM-FCS pro-
vides several key benefits over other quantitative methods [207,208].
• Imaging FCS provides multiplexing and spatio-temporal correlations in a
specimen plane.
• Spatial protein localization, maps of molecular dynamics and interaction
maps can be obtained from a single time image series.
• Spatial cross-correlation could be used to quantify anisotropic mobility.
• The Observation volume can be controlled by software during data analy-
sis, which is equivalent to pinhole size in confocal setup.
Generally, we record 40, 000  60, 000 frames at 2, 000 fps camera cycle time
(in typical measurement  30 30 pixel region gives  900 data points and the





















FIGURE 4.2: Principle of imaging FCS (SPIM-FCS): A) Acquisition of a time
image series with millisecond resolution or better. The colored line depicts the
trace of a diffusing particle. B) Temporal fluorescence fluctuation of a single pixel
(inset image), which consists of the crossing of many single particles, and its
auto correlation function (ACF in blue color and fit in gray color). C-D) Diffusion
and concentration maps obtained from the autocorrelation functions for each
pixel.
detectors can be found elsewhere [101, 209]). The data are saved as a multi-
page 16 bit tiff file format to perform software based temporal correlation for each
pixel after background correction [196, 210]. Moreover, the fitted parameters
can be presented as maps of diffusion and/or concentration along with intensity
image plots, which allows one-to-one relation between spatial localization of the
protein of interest and its dynamics and/or to the concentration (the method has
been presented as a simplified schematic in Figure 4.2). The next section will
focus on the theoretical basics of imaging SPIM-FCS.
4.2.1 Theoretical aspect of imaging SPIM-FCS
The cameras yield an intensity time trace Iptq for every pixel. Then the autocor-
relation function
Gpτq  xδIptq  δIpt  τqyxIptqy 2  G8 (4.1)
is calculated in software [183, 210]. Here, Gpτq is the normalized autocorrela-
tion function, Iptq represents the instantaneous fluorescence at time t (similar
for Ipt   τq), x y denote time averaging, and G8 is the correlation offset value.
In order to derive the normalized ACF for camera based imaging FCS, we re-
quire the molecule detection efficiency function (MDE, denoted by W p~rq) and
the number density function φp~r|~r 1, τq  xδCp~r, 0qδCp~r 1, τqy (the solution of
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concentration fluctuation has been provided earlier for free diffusion, see 2.3).
4.2.2 Molecule detection efficiency
The MDE (W p~rq) in FCS describes the measurement volume (see earlier sec-
tion 2.3) [94,102]:
W p~rq  CEFp~rq
 Iillp~rq, (4.2)
where ~r is position in object space, and the symbol
 represents the convolution,
CEFp~rq is the collection efficiency function which determines the amount of light
from the sample registered by a detector element in the optical system and
Iillp~rq is the light intensity distribution of the excitation source. The CEF is the
convolution of the pinhole function T p~rq, in our case the (binned) pixels on the
camera, with the PSF (PSF p~rqSPIM) of the optical system.
The xy-extension of the CEF for pixels with sufficient size to detect the full
light sheet thickness [50,210] and a method to determine the PSF experimen-
tally has been discussed elsewhere [51]. In this study the method has been
extended to the case of light sheet illumination and pixel detection of any size,
even for pixel sizes which are small and lead to spatial filtering of the light sheet.
In the z-direction the light sheet has an approximately Gaussian profile with
1{e2-width will. The CEF can also be approximated as a Gaussian function with








So the width of the MDE is either limited by the depth of focus of the pinhole
CEF or by the width of the light sheet profile.
The mathematical expression for MDE (W(~r)) can be written as (for more details
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see earlier Eq. (2.19))













Sp~rqSPIM  1 (4.6)







 T p~rq  Sp~rq d~r (4.7)




































where a represent the camera pixel size in object plane, Sp~rq is the extent of
the sample, wxy and wxy represent 1{e2 radii of PSF in lateral and axial direction
(see experimental procedure to estimate lateral and axial PSF of microscope
4.4).
4.2.3 SPIM-FCS fitting model
The normalized ACF GpτqSPIM can be written in terms of MDE and density func-
tion (W p~rqSPIM and φp~r|~r 1, τq; described earlier Eq. (2.36)).
GpτqSPIM 
¼





Hence, the final expression for SPIM-FCS fitting can written as
GpτqSPIM  G8   1?
























Where the known parameters are the camera pixel size in object space (a),
lateral PSF (wxy), axial PSF (wz) and the fitting parameters are diffusion coeffi-
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cient (D), average concentration (xCy ), and the correlation convergence value
(G8).
4.2.4 Effective observation volume
The effective detection volume of a SPIM pixel can be expressed as (see Eq. (2.15)):
Veff :
 ³















2  1	2 (4.11)
It allows to compare directly the focal volume of camera-based and confocal
FCS. Note that this expression can be derived from Eq. (4.10) by requiring that
Gp0q  G8   1{N .
An important advantage of spatio-temporal correlation methods on SPIM and
TIRF microscopes is that they require few calibrations over time. Confocal FCS
methods need a calibration of the microscope parameters before and after the
measurements, to ensure that the observation volume has not changed. De-
alignment between laser and pinhole or changes in the laser beam profile can
happen due to temperature changes or drift within the optical system.
SPIM and TIRF microscopes overcome this problem by illuminating a large
field of view with an approximately homogeneous intensity, so the exact lateral
position of the pixels is non-critical. Second, the shape of the observation vol-
ume does not significantly depend on the alignment and is mostly defined by the
quality of the detection objective, which does not typically vary over its lifetime.
Third, array detectors introduce a ruler into the system, as the distance between
pixels is known accurately (the sensor dimensions are known with nanometer
precision and the magnification can be determined easily). This allows to deter-
mine the PSF without having to rely on a calibration sample of known diffusion
coefficient.
The calibration method described in [51] for a TIRF microscope can be ex-
tended to a SPIM: The longitudinal width wz can either be measured by bead
scans or is calculated from Eq. (4.3). Then the diffusion coefficient D can
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be measured independently of the PSF width wxy if a large pixel binning (i.e.
a " wxy) is used. Finally wxy can be determined by a fit without binning and a
known D irrespective of pixel size a. A detailed protocol is given in section 4.4.2.
Typically the calibration of SPIM and TIRF microscopes is stable over a year or
more in our labs, cf. [51]. In SPIM the only variable is the width of the light sheet,
which can routinely be checked (see 4.3.7).
4.3 Material and Method
4.3.1 Description of light-sheet microscope setup
This study used self-built selective plane illumination microscope (SPIM, de-
scribed in [193] and shown in Figure A.1). A laser (491+532 Dual Calypso,
DPSS laser, Photonitech Pte Ltd, Singapore) passes through a laser cleanup fil-
ter (LL01-491-25, Semrock Inc., New York) to select the 491 nm laser beam and
the laser beam is expanded 4 times by a set of achromatic lenses (f1  25 mm
and f2  100 mm, Edmund optics, Singapore). It then passes through an
achromatic cylindrical lens (f  75 mm, Edmund optics, Singapore), which was
mounted on a combination of linear and rotation stages (z-stage: MVT 40B-Z,
rotation stage: DT 40-D25, all stages from OWIS, Staufen, Germany). The re-
sulting beam over-illuminates the back focal aperture of the low NA illumination
objective (SLMPlan 20X /0.25, Olympus, Singapore) to obtain a  1.4µm thin
light sheet. The illumination objective has a working distance of WD  21 mm.
This provides the necessary space to bring the light sheet into the focal plane
of the detection objective (LUMPLFLN 60x/1.0 W, WD  2.0 mm, Olympus, Sin-
gapore). The sample mounting unit consists of a custom built sample chamber
(Physics mechanical workshop, NUS, Singapore) and motorized linear x-, y- and
z-stages together with a rotation stage (XYZ-linear stages: 3 8MT184-13DC
and rotation stage: 8MR174-1-20, Standa Ltd., Vilnius, Lithuania). The detec-
tion objective is mounted on a piezo flexure objective scanner (P-721 PIFOC,
Physik Instruments, Singapore) to control the objective in nm precision. Fluores-
cence emission filters (FF02-534/30-25, Semrock Inc., New York) were mounted
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behind the detection objective in a computer controlled motorized filter wheel (6
slotted, OWIS, Staufen, Germany). A standard tube lens (part no. LU074700,
f  180 mm, Olympus, Singapore) is used to image the sample onto a cam-
era. We mounted one of several available models: Andor iXon X3 860 EMCCD
camera (Andor Technology, Belfast, UK), Evolve 512 EMCCD camera (Photo-
metrics, Tucson, United States), ORCA-Flash4.0 sCMOS Camera (Hamamatsu,
Hamamatsu city, Japan) or a SA-05 CMOS camera (Dynamic Analysis System
Pte Ltd., Singapore).
4.3.2 Sample preparation
Carboxylate-modified microspheres (0.1µm and 0.2µm, yellow-green fluores-
cent beads 505/515, 2.0% solids, Invitrogen, Singapore) were diluted in deion-
ized water (DI) or a slightly alkaline buffer (10 mM Tris-HCl, pH 8.5 10.5) to the
desired working concentration (0.11.1 nM). The diluted solution was sonicated
for 1530 minutes in a bath sonicator (FB15051 Model, Fisher Scientific, Singa-
pore) to disperse aggregates. The samples (typically 2050µl) were mounted in
transparent (UV-VIS-IR transparency: 90%), heat sealed plastic bags (see Fig-
ure 4.3, fluorinated polyethylene propylene films, thickness 13.0µm, refractive
index 1.341  1.347, Katco Ltd., United Kingdom). For comparison all diffusion
coefficients were recalculated to their value at 20C.
4.3.3 Microchannel fabrication
Silicone curing agent and prepolymer polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning, Singapore) were mixed in a 1:10 ratio by weight. The mixture was
degassed and then poured into a master mold (A  300  380µm2) with two
inlets and one outlet. Overnight heating at 65C in an oven cured the PDMS
gel to hardened PDMS, which was peeled off from the master mold. The PDMS
channel was treated in an oxygen plasma cleaner (PDC-32 G, Harrick) for one
minute after which it was bonded to a glass cover slide (25  75 mm2, No-1,
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Fisher Scientific, Singapore)††.
4.3.4 Giant unilamellar vesicles
Giant unilamellar vesicles (GUVs‡‡, POPC 89%, POPG 10% and PI(4,5)P2 1%
and TopFluor PI(4,5)P2, Avanti polar lipids) were prepared by gentle hydration.
Then the GUV solution was mixed with a low melting agar solution (0.5-0.8 %)
and sealed in sample bag for the measurements.
4.3.5 Cell culture protocol
HeLa and RBL-2H3 (gift from Min Wu, CBIS, NUS, Singapore) cells were main-
tained in 5% CO2 at 37C in Dulbecco’s modified eagle medium (DMEM, Invitro-
gen, Singapore), supplemented with 10% fetal bovine serum (FBS, Invitrogen,
Singapore) and 1% PS (penicillin, and streptomycin). For transfection we used a
Neon-Transfection system (Invitrogen, Singapore) with 10µl gold tips (resuspen-
sion buffer R and electrolyte buffer E) using the protocol recommended by the
manufacturer (the amount of plasmids used for monomeric EGFP 100  150 ng
and c-Fos-EGFP 1.0  1.5µg). Following transfection, the cells were spread on
the cover slips (as described 4.3.6) and finally used for the live cell measure-
ments.
4.3.6 Sample mounting for SPIM-FCS
The sample preparation for light sheet imaging require special care for sam-
ple preparation and the sample mount is very different from conventional mi-
croscopy [173]. In SPIM, the sample is often immersed in buffer solution (imag-
ing media or egg water for live samples) and it can be positioned by micrometer
stage (XYZ stage with travel range 13 mm).
Solution The bead solutions (typically 20  50µl) were mounted in transparent
(UV-VIS-IR transparency 90%), heat sealed plastic bags (fluorinated ethylene
propylene films of thickness 13.0µm, refractive index 1.341  1.347; Katco Ltd.,
††Microchannel prepared by Kaijie Herbert Fan






















































Drosophila EmbryoZebrafish embryo and larve
FIGURE 4.3: SPIM sample mounting procedure. A)- Sample bag for mounting
solution. B)- Adherent cells on cover glass slip. C)- Multiple Drosophila em-
bryo (shown in green color ellipsoid shape) mounted on a cover glass slip. D)-
Zebrafish embryo mounted in an agar cylinder.
United Kingdom). Figure 4.3 shows a photograph of these sample bags, filled
with a bead solution. The sample bags were created by cutting the foil in rectan-
gular shapes and sealed by using a plastic bag sealer (Kingstar impulse sealer,
Kingstar Packing Machine ltd). The sample bags were cleaned with 70% ethanol
and distilled water to remove any dirt.
Live cells: Cells were grown onto a small autoclaved cover glass slide (size
 5 10 mm, Fisher Brand Microscope cover glass slide, Fisher Scientific, Sin-
gapore) and washed twice with 1xPBS solution before imaging. Care must be
taken to avoid scratching the detection objective and the laser reflection to imag-
ing sensor (the angle between cover-slip and laser should below 45 0, see Fig-
ure 4.3 B).
Drosophila and Zebrafish embryos: Large imaging samples e.g. zebrafish
embryo or Drosophila embryos are mounted in a transparent agar cylinder (0.5
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1.0% agar solution made in egg water). In order to image specific section of a
Drosophila embryo, a cross-marked cover glass slide with heptane glue should
be used (see Figure 4.3 C-D) [151].
4.3.7 Light-sheet characterization
The area over which SPIM-FCS can provide accurate and consistent correla-
tion functions depends on the properties and quality of the light sheet, which is
determined mostly by the optical quality of the beam forming components ( the
cylindrical lens and low NA projection objective). The height of the light sheet
can be adjusted by apertures in the setup. While light sheets of better quality
can be created by a digital scanned laser light sheet microscope (DSLM) [153],
this scanning process interferes with the recording of correlation functions at
similar or faster time scales as the scanning process. In addition, each point is
illuminated only part of the time of every scan. This reduces the signal strength,
rendering an unscanned light sheet the better illumination alternative.
For the measurement of absolute diffusion coefficients the extension of the
light sheet has to be known and the contribution of the side lobes of the light
sheet have to be minimized [183]. Therefore, we record the light sheet extension
before measurements and use only that part of the light sheet, which shows a
consistent width and low side lobes. The light sheet is visualized by a mirror
aligned at 45 to the optical axis of the illumination objective (see Figure 4.4
and scan mirror Figure A.2 ). The mirror can be scanned using the motorized
sample holder. In Figure 4.4 we show light sheet cross sections of SPIM at
different positions over a range of 26µm along this axis. The 1{e2 radius in
the center of the light sheet is p1.42  0.05qµm with side lobe contribution of
8-10% (calculated by area under the curve). In our measurements we use the
central 8 µm (shown as a gray box Figure 4.4D) of the light sheet over which
the 1{e2 radius does not vary significantly and the side lobes are small. The
second SPIM setup showed slightly different light sheet characteristics. It was
typically p1.2  0.2qµm thick in the central 8µm of the field of view. At the
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chosen magnification of 60x this corresponds to 20 pixels for the iXon X3 860,
24 pixels for the SA-05 CMOS, 30 pixels for the Evolve 512 and 74 pixels for the
ORCA-Flash4.0 and the pco.edge.















































FIGURE 4.4: Exemplary light sheet characterization of SPIM: A)- illustrates the
scanning of a 45 mirror to image the light sheet. B)- The intensity profile of
the light sheet (blue line) at the central region of the field of view and a Gaus-
sian fit to the profile (red dashed line). C)- The light sheet intensity profile at
different regions of the camera along the illumination direction. D)- Thickness
variation (obtained from the Gaussian fit) along the illumination axis. The grey
box marks the central region ( 8µm wide) with approximately constant light
sheet thickness.
4.4 Calibration of SPIM
4.4.1 Volume overlap
Light sheet microscopes have two objectives in orthogonal direction, one for the
illumination (low NA) and a second one (high NA) for imaging the fluorescence
signal onto the camera sensor. This configuration for the objectives requires a
perfect overlap of the illumination light sheet plane to the detection plane cre-
ated by the high NA detection objective. So the proper alignment of a SPIM for
FCS/FCCS (SPIM-FCCS will be discussed in the next chapter) measurements
can easily be tested by measuring the diffusion coefficient D and the particle
number N in the same sample at different displacements of the detection and
projection objective from their ideal positions (after the alignment procedure,
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see 3.4) . Figure 4.5 shows the results of such a measurement. Here the mea-
surements are shown for the green detection channel. The relative positions of
both illumination (5 mm step, shown in blue circles) and detection (1 mm step,
green circles) objectives respectively were changed systematically. The opti-
mal alignment will be in the region with the lowest particle number (shown by
empty circles) and the highest diffusion coefficient (shown by filled circles), i.e.




















FIGURE 4.5: SPIM volume overlap: Diffusion coefficient D and particle num-
ber N measured at different displacements of the two objectives from the ideal

































Pixel size a [nm]Pixel size a [nm]
FIGURE 4.6: Example fit data from a SPIM-FCS calibration for a iXon X3 860:
The graphs show fit results at different binnings and for different fixed wxy(as
described in step 4, exponential fits as lines to guide the eye). And the fit results
for wxy from step 5 (average and standard deviation from all pixels) with the




We give a brief description of the PSF calibration performed for the different
cameras using SPIM-FCS here. The principle method was described in detail in
Ref. [51]. Here is a short summary:
1. For calibration SPIM-FCS was measured on a diluted solution of 100 nm
fluorescent microspheres in a sample bag.
2. The longitudinal width wz of the MDE was either estimated from the light
sheet width (for large pixels) or from a bead scan (especially for small
pixels).
3. Autocorrelation functions were calculated using ImFCS or QuickFit 3.0 for
different binnings of the pixels. Usually a binning between 1 1 and 5 5
was used for the 24µm pixels of the Andor iXon X3 860. Depending on the
number of pixels in the central 8  8µm2, larger binnings may be needed
for e.g. the sCMOS cameras with 6.5µm pixels.
4. At large pixel sizes a " wxy (higher binnings), the diffusion coefficient
measured with SPIM-FCS is mostly independent of the value of wxy (see
Figure 4.6). The different sets of ACFs were fitted with the standard SPIM-
FCS model (see main article, eq. (1)). the parameters a and wz were fixed
to their known values (from the respective binning and step 2). The fits
were performed for different values of wxy choosen around the expected
value of wxy (e.g. between 400 nm and 800 nm). For increasing binning the
curves wxy against the pixel size a converge to the true diffusion coefficient
D. Finally the value of D is calculated by averaging the fit results of all
different wxy at the largest binnings.
5. Finally the unbinned data was fitted again, now using the diffusion coeffi-
cient D determined in the last step and a and wz still fixed. From this final
fit a good estimate of the lateral focal size wxy can be extracted.
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4.5 Results and discussion
4.5.1 Combining SPIM and microchannel: SPIM-Flow
The SPIM-flow measurements were performed by mounting the microchannel
vertically into the microscope without using the sample chamber, see Figure 4.7.
The fluorescent beads were introduced into one inlet while the pure buffer was
introduced into the other inlet of Y-shaped microchannel using syringe pumps
(a cross-section of H W  300  380µm2). The fluorescence was collected
using a 10x /NA 0.3 air objective (UPlanFLN, Olympus, Singapore) for detection,
instead of the usual 60x water dipping objective.
As the flow speed created by these pumps is not known precisely, we de-
termined it by SPIM-FCS measurements using a model that also incorporates
the flow speed (for the fit model, see Ref. [50, 183, 210]), which yielded v 
p100 21.2qµm{s, see Figure 4.7.
4.5.2 Absolute diffusion coefficients
The determination of absolute diffusion coefficients was tested by measuring
the diffusion coefficients of fluorescent polystyrene beads of 0.2µm diameter in
aqueous solution (theoretical valueD(theo)20C  p2.040.1qµm2{s, errors estimated
from the given size distribution of the beads) with SPIM-FCS and three other,
but independent methods. The iXon X3 860 EMCCD has been used for SPIM
based mesurements in this section. The results are summarized in Tab. 4.1
and Figure 4.8. For the SPIM-FCS measurement we obtained D  p1.91 
0.7qµm2{s.
FCS measurements in a standard confocal microscope (Confocal, see sec-
tion 2) gave D  p2.10 0.05qµm2{s. A single particle tracking (SPT) analysis
with a Matlab based particle tracking code [211] gave D  p2.05  0.11qµm2{s
(see Figure 4.8(C)).
Lastly, we exploited the diffusion-driven concentration gradient profile in a Y-




























































FIGURE 4.7: Microchannel flow measurement in SPIM: A)- A photograph and
sketch of the Y-shaped microchannel, B)- Intensity profile across the microchan-
nel at the two positions marked red and blue in A. The lines represent fits as
described in the article, B)- SPIM-FCS autocorrelation functions (top) and ve-
locity fit result images and histograms (bottom) from fits to this measurement.
Due to laminar flow in our experimental conditions (Reynolds number Re   1)
[215], mixing between the two adjacent streams happens only by diffusion. With
increasing length of the channel the streams have more time to interact and one
can observe the development of a concentration profile at the interface between
the streams over time. By fitting this concentration profile to its analytic solution
[213,216] one can determine the diffusion coefficient D, if the exact time t over
which diffusion took place is known (see 4.5.1 for estimation of time t). Time t is
given by the flow speed of the solution v and the distance d of the measurement
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D,E)- Flow measurement with SPIM
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channel [µm]
FIGURE 4.8: Absolute diffusion coefficient determination for 0.2µm diameter
fluorescent microspheres by four different methods. Each subplot shows mea-
sured data (red, blue) and a fit to the data (dashed lines). A)- exemplary SPIM-
FCS measurement, B)- Confocal FCS Measurement, C)- Mean-squared dis-
placement curve (MSD) from a single particle tracking experiment, D)- intensity
profile across the microchannel at two positions, E)- exemplary SPIM-FCS fit
and velocity distribution used to determine the flow speed for D.
earlier section 4.5.1).
The analytic solution for one-dimensional diffusion across a plane with con-
centration cpx ¡ x0q  c0 on one side and concentration cpx ¤ x0q  0 on the
other side is given by:







Here b is an offset value, and c0, x0 and D are fitting parameters. We then
used the intensity profile in the center of the channel, to avoid wall effects, and
fitted the profile to Eq. (4.12) to determine D. Measurements at two positions
(d1  11 mm and d2  15 mm) yieldedDpd1q  p2.200.25qµm2{s andDpd2q 
p2.400.20qµm2{s. All determinations of the diffusion coefficients agreed within
the margins of error (cf. Tab. 4.1), confirming the capability of SPIM-FCS to
determine absolute diffusion coefficients.
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Table 4.1: Quantifying absolute diffusion coefficient: Diffusion coefficient D of
0.2µm microsphere determined with SPIM-FCS, Confocal FCS, single particle
tracking (SPIM-SPT) and measuring the lateral diffusive mixing in a Y-shaped
microchannel (“SPIM-Flow”).
SPIM-FCS Confocal FCS SPIM-SPT SPIM-Flow
D[µm2/s] 1.90.70 2.10 0.05 2.05 0.11 2.2 0.25, 2.4 0.20
4.5.3 The performance of array detectors
Here we evaluate the FCS performance of various array detectors with different
effective pixel sizes, quantum efficiencies, and read-out speeds, by measuring
the diffusion coefficient of 0.1µm diameter fluorescent microspheres. For each
camera a subregion of the sensor was chosen that is not larger than the area of
approximately constant light sheet thickness (region of interest, ROI). Then the
fastest possible read-out speed for this region was selected. For comparison the
same sample was measured on a confocal microscope. Table 4.2 summarizes
the results for the different cameras and the camera specifications. Example
correlation curves of all sensors are shown in Figure 4.9. As can be seen,
the theoretical diffusion coefficient at 20C for 0.1µm beads in water D(theo) 
4.29µm2{s can be determined within the margins of error by all cameras.
4.5.4 Concentrations
Concentration measurements in FCS rely on the fact that the autocorrelation
function at a lag time of 0 s represents the variance of the photon counts de-
termined by the number of particles in the observation volume, which follow a
Poisson distribution with the variance being equal to the mean [90]. The ampli-
tude of the ACF is thus given by:










where N is the average particle number in the observation volume Veff, C 
N{Veff is the average concentration and the background-corrected intensity Iptq 



























































FIGURE 4.9: Exemplary normalized ACFs (red), 2f-FCCS (blue) plots and fit
results (black dashed) for 0.1µm diameter fluorescent microspheres at fastest
read-out speed: [A] SPAD array detector with minimal lag time τmin  3µs ¶
[This measurement was performed by Jan Wolfgang Krieger], [B] SA-05 CMOS
τmin  16.6µs, [C] ORCA-Flash4.0 sCMOS: τmin  38.9µs, [D] pco.edge sC-
MOS: τmin  495µs¶ [This measurement was done by Jan Wolfgang Krieger],
[E] Andor iXon X3 860 EMCCD: τmin  495µs and [F] Evolve 512 EMCCD:
τmin  2380µs. All curves are normalized for the zero-lag amplitude obtained
from the fits.
xδIptqy  0. When the observation volume is known, one can then calculate
absolute concentrations from FCS measurements [217]. In our measurements
we could only get a linear relation
CmeasuredpCsetq  C0   α  Cset (4.14)
between the set concentration Cset and measured concentration Cmeasured. The
results of such a dilution series of 0.1µm fluorescent microspheres with differ-
ent image sensors is shown in Figure 4.10. The intercept C0  0 nM was still
obtained with all tested cameras, as it mostly depends on the background sig-
nal and camera offset that were corrected before the fit [91]. But the slope α
differed for all measurements and was also different from the expected value
α  1. Several factors might lead to this overestimation of the concentration:
In the confocal case it is well known that after pulsing of the SPADs consti-



























iXon X3 860 10.31
confocal FCS 2.94
ORCA-Flash4.0 2.73
FIGURE 4.10: Results of a dilution series measurement of 0.1µm diameter flu-
orescent microspheres in water. The plot shows the expected value Cset plotted
agains the measured value Cmeasured (circles) and linear fits to these (dashed
lines, intercept at Cset  Cmeasured  0). Data were acquired on different se-
tups: A confocal microscope (black), and on a SPIM with four different detectors
(green: ORCA-Flash4.0, red: iXon X3 860, brown: Radhard2, blue: pco.edge).
The data points are average and standard deviation. [Radhard2 and pco.edge
measurements were performed by Jan Wolfgang Krieger]The fitting has been
weighted with standard deviation.
in apparent particle number by a factor 2  3 as seen here, but which can be
corrected by fluorescence lifetime correlation spectroscopy (FLCS) [218]. Sim-
ilarly, Oh et al. demonstrated that for an EMCCD the noise can be corrected
by splitting the image on two halves of the detector and then cross-correlating
corresponding pixels which detect the same volume [48]. This correction is sim-
ilar to the one used to correct for afterpulsing of APDs in confocal FCS [219]. A
further factor of 1.21.3 stems from the non-vanishing size of the beads in rela-
tion to the focus size, as the used models assume point-like fluorophores [220].
Another problem is that Eq. (4.10) is valid for a 3D Gaussian PSF and is there-
fore only an approximation of the real PSF. Bead scans show that the lateral
PSF size wxy is not independent of the position z on the optical axis (an as-
sumption for Eq. (4.10)) and that low-intensity side-lobes are sometimes visible
(see Figure 4.4). Eq. (4.10) could be replaced by a model taking at least the
z-dependence of wxy into account, but at the cost of having to solve numerical
integrals in every evaluation [37, 221]. A third factor influencing the measured
particle number is a biasing of the fits, if the plateau of the correlation function is
not captured due to the low frame rate of the sensors. This effect can be seen in
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Figure 4.9(C-F), where the fits (dashed lines) are systematically below the data
(red line) for small lag times.
The remaining overestimation by a factor of  25 can only be explained by
detector artifacts: For the photon counting Radhard2¶ the overestimation might
be explained by a certain clipping of the correlation functions (i.e. an artificially
lower correlation amplitude and thus higher particle number) due to the fact that
per read-out cycle only 0 or 1 photons can be counted. If two or more photons
are detected by the SPAD, they are still counted as 1 photon only. In addition,
all the cameras used in this study are analog detectors and their gray values
Iptq do not follow a Poisson distribution (as the photon counting SPADs do),
where mean equals the variance [222]. Nevertheless all fit models in this paper
assume a Poisson photon counting statistics and therefore we can not expect
to measure the absolute concentration with the cameras used here. This fact
has already been reported by Unruh and Gratton for the Number & Brightness
analysis [47] and was also described recently by Kloster-Landsberg et al. [39].
Similar to these publications, this data shows a linear dependence between the
measured and set concentration. So a definite answer to the question of why the
concentration is overestimated in camera-based FCS will require a much deeper
analysis of the detectors, which is out of scope for this study. Therefore relative
concentration measurements are possible in camera FCS and especially imag-
ing FCS. An absolute measurement is possible if one possesses a standardized
calibration solution.
4.5.5 Organic dyes in solution and lipid GUVs
We used Atto-488 dye ( 5  20 nM concentration), to test the sensitivity of
SPIM microscope for diffusion measurements. Figure 4.11A shows the typi-
cal autocorrelation function for small organic dyes in solution (camera frame
rate 210µs, 200, 000 frames for 128  4 pixels). These small organic dyes are
so fast, we do not expect the measured diffusion coefficients to be accurate
¶This measurement were performed by Jan Wolfgang Krieger (DKFZ, Germany) [201].
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 GUV: POPC-POPG-
     PI(4,5)P
2
Atto 488 (1x PBS) 
Bin -2
FIGURE 4.11: Single color SPIM-FCS measurements: A) Atto-488 dye in buffer,
B)- GUV‡‡ embedded in agar (scale 5µm).
( 200  80µm2{s, which we use to check our SPIM setup calibration) [223].
Figure 4.11 B shows the cross-section fluorescence image, ACF and diffusion
and concentration map of a GUV embedded in agar. This allows us to study
membrane dynamics (lipid bilayer), ideally this could be extended to 3D volu-
metric diffusion maps (unpublished data [224]). SPIM imaging FCS provides a
new way to study lipid-peptide (lipid protein aggregation in real time) interaction
dynamic maps, which is limited to either single point confocal (no imaging or
sequential imaging) or only to lipid bilayer on glass membrane by ITIR-FCS.
4.5.6 Protein dynamics in cytosol and nucleus
In order to quantify the protein dynamics and protein concentration in live cells,
we transiently expressed monomeric enhanced green fluorescent protein (EGFP)
in RBL-2H3 cells (a gift from Min Wu, CBIS, NUS, Singapore). The measure-
ments were performed at fast frame rate to capture monomeric EGFP in cytosol
(camera frame rate 310µs, 100, 000 frames for 1284 pixels on RBL cell region,
see Figure 4.12 A). Figure 4.12 shows the c-Fos-EGFP expressed in HeLa cells,
c-Fos is nuclear phosphoprotein, binds the DNA in both specific and sequence-
specific manner [225, 226]. The measurements were acquired with 2 ms time
resolution (60,000 frames). The example correlation curve, the diffusion and
concentration maps of protein are shown in Figure 4.12 B. All the measurements
were performed at lab temperature (22C 25C).
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FIGURE 4.12: Single color SPIM-FCS measurements on live cells: A) Diffu-
sion and concentration maps of monomeric enhanced green fluorescent protein
(EGFP) in RBL-2H3 cells (scale 5µm). B) c-Fos-EGFP expressed in HeLa cells
(we thank Jörg Langowski for the kind gift of the c-Fos-EGFP plasmid and An-
tonija Burcˇul for the cell preparation).
full ACFs for small organic dyes in solution or the fast protein diffusion in cy-
tosol. Moreover, this will affect both the the estimation of diffusion coefficient
and the estimated concentration [223]. But the use of EMCCD sensor allows
us to measure membrane protein and DNA binding protein dynamics at single
molecule level. The improved frame rate and photo-sensitivity of sCMOS and
SPADs sensors could be a seen as a big step towards the quantification of pro-
tein dynamics at single molecule level in solution and cytosol. (see comparison











































































































































































































































































































































































































































































































































































































































































































5Dual Color Light Sheet Imaging FCCS:
SPIM-FCCS
The present chapter introduces the extension of single color light sheet imaging
FCS to dual color SPIM-FCCS by introducing simultaneous dual laser for sample
illumination and simultaneous dual channel detection onto the same camera
sensor. The results summarized in this chapter can be found in Ref [227,228].
5.1 Introduction to SPIM-FCCS: An Imaging Tool to Create Inter-
action Maps
A quantitative study of specific intracellular protein dynamics and protein-protein
interactions at the molecular level is important to understand the underlying bi-
ological processes. A variety of methods have been developed to study protein-
protein interactions in in vitro and in vivo [229,230]. Fluorescence cross-correlation
spectroscopy (FCCS) allows direct information on molecular interactions and
dynamics from a single experiment. It has been extended to two-focus two-
color static and line scanning FCCS [133, 231, 232]. The scanning mode pro-
vided measurements on biological membranes but with limited imaging capabil-
ity (requires repeated scans for a small region-of-interest). Dual-color cross-
correlation raster image correlation spectroscopy (ccRICS) quantifies protein
co-diffusion and binding in live cells, however it does not provide isotropic tem-
74
poral resolution and pixelated interaction maps [233, 234]. This was partially
achieved by the combination of single particle tracking and image based cross-
correlation (TrIC), and spatio-temporal cross-correlation spectroscopy (STICCS)
at slow frame rates ( 30 fps) [235,236].
Here, we present dual-color SPIM-FCCS for mapping diffusion coefficients,
concentrations and interaction parameters at the sampling rate of 1, 000 frames
per second (typical region-of-interest 1550µm2) in live cells. The SPIM-FCCS
setup uses dual laser illumination and dual channel detection using a single
electron-multiplying charge coupled device (EMCCD). This was achieved by in-
troducing a 561 nm laser to the previous single color SPIM-FCS setup (4), and
a dual-channel optics to image two colors simultaneously. Here, we provide a
complete alignment procedure for the second laser and the dual channel detec-
tion module. Subsequently, to test the volume overlap and PSF determination
for two detection channels, we used tetra-speck fluorescent beads, dual labeled
40bp dsDNA oligos, and dual labeled small unilamellar vesicles in buffer. The
present SPIM-FCCS setup provides the necessary sensitivity to measure pro-
tein concentrations, diffusion coefficients and dual color FCCS measurements
in live cells.
5.2 Theory of Camera Based Imaging FCCS (SPIM-FCCS)
In order to derive the dual-color imaging SPIM-FCCS fitting model, we extended
the single color SPIM-FCS to dual-color illumination and dual channel detection
(the list of parameters are defined in Section 2.5). To achieve this, we define the
molecule detection efficiency (MDE  Wγp~rqSPIM) for red and green detection
channels, and the number density function φp~r|~r 1, τq  xδCp~r, 0qδCp~r 1, τqy (for
the solution for number density see section 2.3) for the normalized ACF and
CCF functions. The MDE  Wγp~rqSPIM (defined earlier for a single color in
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Eq. (4.8)) can be written as



































where, ~r0,γpx0,γ, y0,γ, z0,γq is the center co-ordinate of the γ detection volume and
wxy,γ , and wz,γ are the setup PSF in lateral and axial direction (see Figure 2.7).
The normalized ACFs for the green and red and complex (green-red) functions
(defined in earlier section see Eq. 2.42–2.45 respectively) can be derived by
introducing the MDE (denoted by Wγp~rqSPIM) and the number density function
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where, d~r  |d0,g d0,r| is the shift due to chromatic aberration (see Figure 2.7).
The cross-correlation amplitude allows one to measure of binding, and the
bound fraction is defined by the ratio of cross-correlation amplitude Ggrpτminq




where, Gpτminq is the amplitude at minimum τ and the value of q provides a
measure of interaction for two binding partners.
5.2.1 Imaging SPIM-FCCS principles
Figure 5.1 shows the typical data collection and analysis for SPIM-FCCS mea-




Tansmitted image Fluorescence image
Red channel Green  channel 
D)- Background image 
series (~1,000 frames)
C)- Dual-channel  time image 
series (~60,000 frames at 2000 fps)
Dual-channel parameter (Diffusion/concentration) maps
FIGURE 5.1: Principle of Imaging SPIM-FCCS: A,B)- Single transmitted and
fluorescence image of a cell to select the region-of-interest (shown in blue color),
C)- Time image series of a region-of-interest ( 60, 000 frames of 20 64 pixels
at  2, 000 frames per second, here just shown three representative images),
D)- Background time image series for background correction, E)- ACF and/or
CCF parameter fits and statistical analysis; in this example measurement, the
pixelated image on left shows the diffusion coefficient of membrane protein and
the right side is the cytosolic protein diffusion coefficient. The data has been
presented later in Figure 4.3.
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5.3 Material and Methods
5.3.1 Description of experimental setup
The experimental setup used for this chapter has been modified from the sin-
gle color SPIM setup (see setup schematic in Figure 3.9 and its photograph in
4.3.1) by introducing a dual color simultaneous illumination and detection for
a EMCCD camera (Figure A.1). The second 561 nm laser (SLIM-561, Oxxius)
was coupled together with the 488 nm laser into the illumination arm by using
a dichroic filter (LM01-552-25, Semrock, New York). The light sheet overlap of
both lasers should be checked by projecting it onto the camera chip (see A.2
and Figure 5.2‡). The emitted fluorescence is collected by a high NA detection
objective (LUMPLFLN 60x/1.0 W, Olympus Singapore), subsequently passes
through an objective tube lens (LU074700, Olympus Singapore). This fluoresc-
nce signal was split in two channels by a dual imaging optics (DV2, Photomet-
rics, Tucson, USA; razor edge 568 nm notch filter Thorlabs Inc, USA, HC525/50
for green channel and FF01-612/69-25 Semrock, New York) and imaged onto
the EMCCD camera (iXon X3 860) with pixel size 400 nm and 64  128 pixels
for each channel. All the measurements for this chapter were performed on an
EMCCD camera with a typical frame rate of 1, 0003, 000 fps. Typical thickness
of light sheets for both lasers is  1.3µm (1{e2 radius; see Figure 5.2). The
typical observation volume for the SPIM setup is  2.5  3.5 fl, which is 8  10
times higher than for confocal based setups.
5.3.2 Sample preparation: Tetra-spec beads
The calibration fluorescent beads (diameter 100 nm, T-7284, Invitrogen, Ltd, Sin-
gapore) were diluted in 10 mM Tris-HCl, pH 8.5  10.5 to a concentration of
100  500 nM for all diffusion measurements on the SPIM and confocal setup
(2.5.2).
‡Follow Laser Safety: make sure laser power is very low ( 10  50 nW) and use laser
goggles with proper optical density for a given laser wavelength.
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5.3.3 Dual labeled small unilamellar vesicles
Dual labeled small unilamellar vesicles (SUVs) were prepared according to the
protocol given in [51]. All the fluorescently labeled lipids and cholestrol were pur-
chased from Avanti Polar Lipids (Alabaster, Alabama, USA). Briefly, a stock so-
lution of POPG lipid (1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phos-
pho-(1’-rac-glycerol), sodium salt) and head group labeled lipids Rhod-PE (1
,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamineBs
ulfonyl), ammonium salt) and/or Bdp-Chol (23-(dipyrrometheneborondifluorid
e)-24-norcholesterol) were prepared individually in chloroform (Sigma Aldrich,
Singapore) and mixed thoroughly in a round bottom flask. The chloroform was
evaporated ( 3 hrs) on a rotary evaporator (Rotavap R-210, Buchi, Switzer-
land). Lipids were then hydrated in 500µl buffer containing 10 mM HEPES and
150 mM NaCl (Buffer A, pH 7.4) and sonicated for  30 min in a water bath soni-
cator (FB15051 Model, Fisher Scientific, Singapore). To avoid large variations in
vesicle size, we centrifuged the vesicles at 10, 000 15, 000 g for  30 40 min
and the supernatant used for the measurements.
5.3.4 Cell culture
The cells were maintained and transfected following the protocol given previ-
ously (see in section 4.3.5). The amount of plasmid for both green and red
fluorescent tagged proteins were optimized to a camera count of  2, 000 ADU.
The sample mounting has been explained in previous chapter (see Figure 4.3).
The camera gain (preamplifier 4.7 and the electron multiplying gain EM-gain
300) was set for all the cell and dye measurements.
5.4 SPIM-FCCS Characterization and Calibration
The SPIM-FCCS setup requires extra alignment to ensure optimal overlap of the
two lasers, dual imaging channel alignment and volume overlap of both illumi-
nation and detection volumes. Here, I provide the alignment and the characteri-
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zation of SPIM-FCCS setup††.
Step1 Optimize laser overlap.
Step2 Align the imaging channels (dual view optics alignment).
Step3 Test illumination and detection volume overlap.
















FIGURE 5.2: Spatial overlap of two laser lines (488 and 561 nm) and their inten-
sity profiles (scale 20µm).
Step1: The spatial overlap of two illumination lasers is crucial to achieve the best
FCCS results. Projecting the light sheet onto the camera sensor by a reflecting
surface (see Figure A.2 and Figure A.3) allows us to visualize the light sheet.
The camera sensor works as a spatial ruler to test the laser overlap and its
thickness.
Here, we first image the aligned 488 nm laser and then project the 561 nm
laser by fine tuning the reflecting dirchroic mirror (561 nm laser dichroic for fine
tuning of 561 nm laser). This was tested by alternate imaging and by the centre
peak positions of both the lasers (imaged by Micro-Manager in a live line inten-
sity mode [175]; a representative image is shown in Figure 5.2). The maximum
allowed peak-to-peak laser overlap shift is   100 nm and the thickness of light-
sheets determines axial resolution of the SPIM setup (the 1{e2 radius for green
and red are wg  1220 120µm and wr  1280 140µm respectively).
††Two independent SPIM-FCCS setups were build at NUS and at DKFZ, and the data were
compared and published in [227] (DKFZ, Germany). Note: All the results for this chapter were
performed at NUS unless specified otherwise.
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Step2: The dual-view optics splits the fluorescence signal for both green and
red channels onto the camera sensor (64 128 pixels, see Figure 5.1). First we
aligned two channels by following the protocol described elsewhere [238]. And
subsequently we imaged a TEM grid in transmitted mode (grid spacing 16.4µm
with 1500 lines per inch, Latech Scientific Supply Pte. Ltd; see Figure A.5 and
Figure A.3) and determined the Manders overlap coefficient (MOC) for maximum
overlap test (this was done by using colocalization ImageJ pluging [239, 240]).











where, Gi and Ri represent voxel intensity in green and red channels respec-
tively. Figure 5.3 shows typical overlapping and non-overlapping detection chan-
nels and their 2D histograms and the typical values for MOC is in range of
96 98%.
Non overlapping spilt view images



















FIGURE 5.3: Image splitter alignment with co-localization: Transmitted over-
lapping (green and red channel) image of TEM grid and its intensity based
co-localization. This estimates maximum overlap of green and red channel for
camera based FCCS measurements.
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Step3: The volume overlap of illumination and detection profiles (i.e. the
smallest observation volume) was tested by scanning both objectives and cor-
relating the fluorescence signal of organic dye solutions (Atto 488 and Atto 565
 10 nM concentration; see the typical number of particles and diffusion coeffi-
cient plots, and see Section 4.4.1).
Step4: The time image series for the minimum number of particles and the
maximum diffusion coefficient was used to determine the lateral PSF for both
the green and the red detection channels. The thickness of the light-sheet (the
1{e2 radius for green and red wg  1220120µm and wg  1280140µm) was
used as the axial PSF to fit the data as described in Section 4.4.2. The lateral
PSF for dual channel detection was determined by using Atto488/565 mixture
as a calibration dye and the typical values are summarized in Figure 5.4 and














































FIGURE 5.4: Dual channel lateral PSF determination. A)- Typical ACF plots for
Atto565 dye in PBS (FCS plots for Atto488 dye are not shown), B)- Diffusion
coefficients for different pixel sizes (bin data 1  1, 2  2, 3  3, and 4  4), C)-
The lateral PSF for both green and red channels at different binning.
Green channel Red channel
wxy[nm] wz[nm] wxy[nm] wz[nm]
p690 125q p1220 120q p780 110q p1280 140q
Table 5.1: Results of the SPIM-FCCS calibration.
by tetra-speck fluorescent beads (diameter 100 nm) and the data was compared
with standard confocal FCCS setup (shown in Figure 5.5). In the case of 100%
labeling, FCCS measurements provides internal calibration of volume overlap
(Note: All the steps of calibration Step1-4 should be repeated with tetra-speck
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FIGURE 5.5: SPIM-FCCS volume overlap calibration: A)- Tetra-speck beads
measurements on a dual color confocal setup, B)- Tetra-speck beads calibration
for SPIM-FCCS setup, inset image shows the percentage cross-correlation and
the diffusion coefficients.
5.5 Results and Discussion
This section will present dual-color in vitro and in vivo SPIM-FC(C)S measure-
ments.
5.5.1 In vitro solution measurements
In this work, we tested the SPIM-FC(C)S setup performance and its sensitiv-
ity by using different test solution measurements. We used 100 nm tetra-speck
beads (and compared with standard confocal-FCCS setup Figure 5.5), dual la-
beled 40bp dsDNA and SUVs (see Figure 5.6 and Table 5.2).
The 100 nm fluorescent beads were diluted to  500 pM concentration and the
beads solution were sealed in sample bag (20 50µl, see Figure 4.3). The dif-
fusion coefficient is within the standard deviation for EMCCD camera sensors,
which is consistent with our previous SPIM-FCS results and also with standard
confocal FCCS measurements (see 4.5.3 and Table 5.2). The alignment was
optimized to achieve maximum overlap, which is reflected as maximum cross-
correlation amplitude.
Then we tested the aligned setup with dual-labeled SUVs and small dsDNA
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fragments (see preparation method for SUVs in Section 5.3.3 and 40bp dsDNA
with fragment length of  13.6 nm [120]). The data for SUVs were collected at
1, 000 fps and data fitted for 20 56 pixels, and the data collection for small DNA
fragments were collected at more than 3, 000 fps for  60 s total measurement
time. And the representative ACF and CCF plots are shown in Figure 5.6 and
the results are summarized in Table 5.2, the standard deviation for SUV data
was estimated from 20  56 pixels and for DNA fragment 2  24 pixels. (Note:
The 40bp dsDNA was labeled with AlexaFluor 488 and 568 dyes and the purifi-
cation of DNA nucleotides can be found in [120]; the DNA sample was provided
by Foo Yong Hwee). All the samples were diluted either in 1xPBS or 10 mM Tris






































FIGURE 5.6: Auto-correlation and cross-correlation plots of SUVs and 40bp ds-
DNA oligo in buffer (inset image shows typical ACFs and CCFs of individually la-
beled samples as a negative control): A)- Double labeled SUVs [60, 000 frames,
128  20 pixel, bin 1, τmin  1.04 ms], B)- Double labeled dsDNA (100, 000
frames, 128  4 pixel, bin 2, τmin  0.27 ms, the DNA sample was provided by
Foo Yong Hwee).
Sample κgr % Drµm2{ss q
Tetra-speck beads 70 3.6 0.6 98 12
SUVs 9.6 6 2 60 8
40bp dsDNA 11.5 36 8 75 10
Table 5.2: Typical values for green channel cross-talk to red channel κgr, diffu-
sion coefficients, and the cross-correlation for tetra-speck beads, dual labeled
SUVs and 40bp dsDNA oligos in buffer.
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5.5.2 In vivo measurements
In live cell applications, we first measured dynamics and concentrations of two
fluorescently tagged proteins transiently expressed in chinese hamster ovary
(CHO) cells. And later we used double-labeled epidermal growth factor re-
ceptor (EGFR) with monomeric red fluorescent protein (mRFP) and enhanced
green fluorescent proteins (EGFP) to demonstrate imaging SPIM-FCCS applica-
tions in live cells. The confocal based SW-FCCS measurements and the plas-
mid maps for plasma membrane targeting (PMT-mRFP and PMT-EGFP), and
mRFP-EGFR-EGFP proteins can be found in [125,241].
Figure 5.7 A, shows a representative ACF for PMT tagged with mRFP and EGFP
proteins (PMT-mRFP and PMT-EGFP) on cell membrane. The data was col-
lected at 1, 000 fps for a total of 60 sec. The inset image shows the diffusion
coefficient D and the concentration C maps of membrane protein (light sheet




















FIGURE 5.7: Dual color SPIM-FCS measurements in a live cell: A)-
Simultaneous diffusion D and concentration C maps of membrane proteins,
here we used a plasma membrane targeting (PMT) sequence labeled with a
monomeric red fluorescent protein (mRFP) or enhanced green fluorescent pro-
tein (EGFP). B) Simultaneous recording of membrane localized mRFP-PMT and
cytosolic EGFP in CHO cells, clearly showing the distinct diffusion dynamics in
membrane and cytosol.
In subsequent measurements, we co-expressed membrane protein (PMT-mRFP)
with cytosolic EGFP in CHO cells. The measurement was taken at fast frame
rate  3, 000 fps to capture the fast dynamics of EGFP in cytosol. Figure 5.7
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B, ACFs for both mEGFP and PMT-mRFP shown in green and red respectively,
and the inset image shows the the region-of-interest in transmitted image and
the lower part of the image shows the diffusion coefficient maps of PMT-mRFP
and EGFP. The data shows distinct diffusion coefficient for membrane localized
protein and the monomeric protein in cytosol, which supposed to be more dy-
namic than membrane protein.





























































FIGURE 5.8: SPIM-FCCS measurement of EGFP-EGFR-mRFP1 and PMT-
EGFP + PMT-mRFP1 monomers expressed in CHO cells (This measurement
was performed by Jan Wolfgang Krieger, [227]): A-B)- Shows example corre-
lation functions and fits for the dimer and monomer sample, C-D) Shows the
relative tandem concentration images and its histograms. The acquisition set-
tings were:12820 pixel, 22 binning,  2, 000 fps temporal resolution,  100 s
measurement duration (100, 000 frames) for the each cell.
Lastly, we demonstrated in vivo SPIM-FCCS for the membrane proteins tran-
siently expressed in CHO cells [This measurement was performed by Jan Wolf-
gang Krieger, [227]]. The data was acquired at the frame rate of  2, 000 fps
for total  100 sec and the data was corrected for any cell movement or photo-
bleaching. Figure 5.8 A, and B show the representative ACFs for total green
and red particles (shown in green and red color respectively) and CCF for the
complex (green-red complex). More specifically, for mRFP-EGFR-EGFP tan-
dem proteins shows much higher CCF amplitude than PMTs.
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Although, imaging total internal reflection based FC(C)S (ITIR-FC(C)S) can pro-
vide the advantage of getting information on a flat lower membrane very close to
a coverslip, the SPIM-FCCS has presented a new way of studying membrane-
cytosolic protein dynamics and interaction at any section of the cell. In summary,
the use of fluorescent proteins with SPIM-FCCS opens the way for the recording
of in vivo biomolecular interaction maps in 3D.
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6Conclusion and Outlook
The primary aim of this study was to develop a quantitative imaging tool to es-
timate the dynamics and interaction of biomolecules in living cells. To achieve
this, we extended the existing FCS (confocal or ITIR-FCS) methods to the de-
tection of 3D diffusion in any plane (z-direction) inside living samples. The high
signal-to-noise ratio, low photo toxicity and inherent z-sectioning of the light
sheet with xy-sectioning of the camera creates multi point temporal correlations
(typically  3, 000 points  100µm2, with 2, 500 fps temporal resolution) in live
cells. A combination of the light sheet microscope with camera FCS analysis
allowed us to measure the dynamics and concentration, and most importantly
reduced the experimental effort and collection time to improve the statistics per
experiment. This has been applied in a wide range of samples viz., in solution,
lipids and live cells.
Firstly, we designed and built a light sheet microscope (SPIM) for FCS/FCCS
measurements. SPIM microscopes have been used for long time for the qualita-
tive imaging of live fish and fly embryos or fixed sectioned bone samples [134].
The characterization of light sheet shows  8µm constant region or known
as the Rayleigh range where the thickness of light sheet is 1{e2  1.3µm (on
the central region of the camera sensor, see Figure A.3). This fits perfectly for
single cell measurements (typical eukaryotic cell dimension  10µm) with ho-
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mogeneous illumination. The observation volume for the light sheet microscope
is  3.0 fl, which is  10 times bigger than for a typical confocal microscope
( 3.0 fl, see Table 4.2 and Eq. (4.11)) and a similar observation has been re-
cently reported [39]. Moreover, in this work we tested several array detectors for
their suitability for imaging FCS. SPAD arrays perform the fastest (300, 000 fps)
and had the best precision (standard deviation  10%) for diffusion coefficient
measurements. They would be ideal detectors since they can operate in photon
counting mode, but their restricted sensitivity (quantum efficiency  35%) and
fill factor (2  4%) still limits their usability. The second fastest detectors are
the sCMOS cameras, which have high frame rates of at least ( 25, 000 fps).
They have higher quantum efficiency ( 50  70%) than SPAD arrays but they
can also reach frame rates in the microsecond range and they have similar time
resolution as SPADs. The CMOS used here has similar properties to the sC-
MOS with high frame rates of at least (50, 000 fps) but lower QE (35%). How-
ever, they show the worst precision (standard deviation 30%) in this compari-
son. The slowest detectors (3, 000 fps), the EMCCD cameras, have the highest
quantum efficiency (¡ 90%). To date they have been the detectors of choice
and they are the only devices for which single molecules resolution has consis-
tently been shown in in vivo measurements. Our results suggest that all cameras
can measure absolute diffusion coefficients in accord with several independent
techniques. The relative concentration measurements are possible with most
of the camera sensors, while the absolute estimation would require a standard-
ized calibration. The diffusion and concentration maps of proteins in live cells,
demonstrates imaging SPIM-FCS as new quantitative imaging tool to visualize
and quantify spatio-temporal heterogeneity in living environments.
In order to also assess molecular interactions the extension to dual-colour
fluorescence cross-correlation spectroscopy (FCCS) is required. To achieve
this, a custom built single color light sheet microscope was extended to a dual
color microscope with dual channel detection by the same camera chip. The
alignment of the dual channel and the overlap of the two light sheets determines
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the extent of the volume overlap for the two wavelengths for excitation. The vol-
ume overlaps for both illumination and detection has been estimated by tetra
spec beads, dual labeled SUVs and dual labeled 40bp dsDNA.
The results presented in this thesis have been compared with measurements
on a standard confocal setup to ensure accurate diffusion coefficient determina-
tions. It should be noted that all SPIM-FC(C)S measurements typically have 15-
20% standard deviation for 400 data points, while the confocal measurements
show 2-5% standard deviation for 10 measurements. The larger standard de-
viation in the SPIM-FC(C)S measurements is a result of the heterogeneity of
the sample, which in particular for beads stems from aggregates. In confocal
FC(C)S aggregates are easily filtered out as measurements can be selected ac-
cordingly but in SPIM-FC(C)S they cannot be easily avoided for the large 2020
pixel area (8  8µm2). In addition, the time resolution and signal to noise ratio
in camera based FC(C)S is worth compared to confocal FC(C)S and thus leads
to larger errors.
The current SPIM-FCCS setup has sufficient time-resolution to observe even
small organic dyes in solution and can measure molecular interactions of DNA
probes in solution and of fluorescent protein labeled proteins in the nucleus, cell
cytoplasm, and plasma membrane of live cells. The use of fluorescent proteins
with SPIM-FCCS opens the way for the recording of bio-molecular interaction
maps in vivo .
This research study has demonstrated that the light sheet microscope pro-
vides a platform where several imaging based analytical methods can be easily
combined to achieve spatio-temporal dynamics, concentration, and directional
flow. There are several interesting directions for future applications in the areas
of research presented in this thesis:
First, the most interesting area for future work is to present three dimension
(3D) diffusion and concentration maps for intra-cellular proteins. This particular
study has provided two dimensional (2D) maps in various samples and com-
pared their performances with standard confocal FCS and FCCS. In order to
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extend in 3D, the sample can be imaged plane by plane in z-direction (along the
detection axis) and acquire time image series at different depth of the sample.
These 2D fitted data can be fused together to achieve 3D diffusion and con-
centration maps. Recently, this has been achieved on giant unilamellar vesicles
(GUVs, unpublished data by Ng and Wohland et al. [224]), here fluorescently
labeled immobilized GUVs were used for to create 2D diffusion and concentra-
tion maps at different z-sections. Further extension to protein-ligand interac-
tion maps in different sections of the cell will be the first demonstration ever to
present spatio-temporal heterogeneity interaction maps in a living cell. A previ-
ous study by Hwee et al. have demonstrated the in in vivo protein-binding quan-
tification between Cdc42 and its effector IQGAP1 protein in living cells and in
organisms [33,126]. However, single point measurements did not provide a spa-
tially resolved interaction map to help in understanding the spatial heterogeneity
of the system. Instead, SPIM-FCCS would be the ideal choice for achieving a
huge spatially resolved ( 10  10µm2 ROI) interaction map in in vivo . It should
be noted that camera based FC(C)S overestimates the concentration and the
absolute estimation of dissociation constant will be affected. This could be eas-
ily avoided by the proper concentration offset, determined by the concentration
plots (see Section 4.5.4).
Moreover, the large amount of data created by SPIM-FC(C)S poses a new
challenge for data treatment for example only the green channel 602520 
30, 000 correlations functions for 20 planes in z-direction (30, 000  3  90, 000
total correlation functions for green, red and green-red complex). The first so-
lution is already available and further developments are expected in the near
future, leading to faster correlation and data fitting. To date, reconfigurable hard-
ware (FPGAs) seems to be a promising approach for real-time image process-
ing, e. g., correlations. And the second improvement required in imaging FCS
is data fitting model selection. Presently, the imaging-FC(C)S softwares provide
user defined single or two component diffusion models for fitting FCS or FCCS
data. A Bayesian approach allows unbiased model evaluation and recently been
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applied to confocal and the camera based ITIR-FCS [242,243].
The second application could be extended to fluorescence anisotropy which
provides valuable information about the state and the environment of the corre-
sponding biomolecular carrier. There has been several interesting applications
in quantifying the spatial heterogeneity in live cells. A recent application by
Talwar et al. [244], fluorescence anisotropy spatio-temporal correlation maps
demonstrated spatio-temporal dynamics of mouse embryonic stem (ES) cells
and differentiated PMFEs.
With all these developments, various demonstrations and applications of
imaging SPIM-FC(C)S, we believe this technique may become a valuable quan-
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Appendix A
Photograph of SPIM and alignment tools
A.1 Photograph of SPIM































































Illumination and detection 
direction Sample mounting unit
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A.2 Beam characterization
FIGURE A.2: Photograph of mirror used for the characterizing of light sheet.
FIGURE A.3: Photograph of mirror for characterizing and visualizing the light
sheet.
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A.3 Dual Channel Alignment by a TEM Grid




















































































































































































































































































3)- M screw kit
4,5)- Half-wave









Table B.1: List of the optical and opto-mechanical components used for building the
light-sheet microscope at National University of Singapore .
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